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 Chapter	
Preface 
		
“It	is	a	capital	mistake	to	theorize	before	one	has	data.	Insen‐
sibly	one	begins	to	twist	facts	to	suit	theories,	instead	of	theo‐
ries	to	suit	facts.”		
―	Arthur	Conan	Doyle,	Sherlock	Holmes	
	
	
This	dissertation	has	been	submitted	to	the	Ph.D.	school	at	the	Depart‐
ment	of	Photonics	Engineering	as	part	of	the	requirements	to	obtain	the	
degree	of	Ph.D.		from	the	Technical	University	of	Denmark.	
The	 title	 of	 the	 dissertation	 is	 “2‐10	 μm	mid‐infrared	 supercontinuum	
sources”,	 and	 it	 documents	 three	 years	 of	 Ph.D.‐studies	 carried	 out	 at	
the	 Department	 of	 Photonics	 Engineering	 with	 professor	 Ole	 Bang	 as	
main	supervisor,	and	with	researcher	Uffe	Møller	as	co‐supervisor	dur‐
ing	the	first	parts	of	the	project.	The	project	is	part	of	the	larger	“Light	
and	Food”	project	funded	by	the	formerly	Danish	Advanced	Technology	
Foundation	(J.nr.	132‐2012‐3),	which		includes	the	project	partners	NKT	
Photonics,	 FOSS	 Analyticals,	 Copenhagen	 University	 (Department	 of	
Food	Science),	and	Aarhus	University	(Department	of	Chemistry).	
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ABSTRACT	
Spectroscopy	 is	 the	study	of	how	 light	 interacts	with	molecules,	which	
can	 be	 used	 to	 identify	 various	 substances	 in	 for	 example	 foods	 and	
medicine,	by	observing	which	parts	of	the	light	is	absorbed	after	interac‐
tion	with	the	sample.	Especially	 infrared	 light,	more	precisely	the	mid‐
infrared	part	of	the	spectrum,	is	of	interest	because	almost	all	molecules	
display	 distinct	 absorption	 fingerprints	 in	 this	 region.	 Current	 instru‐
mentation	however	relies	on	thermal	light	sources,	much	like	the	well‐
known	 incandescent	 light	 bulb,	which	has	 very	 limited	brightness	 and	
limited	 possibilities	 for	 manipulating	 and	 using	 the	 light	 in	 different	
applications.	This	dissertation	presents	the	past	three	years	of	my	work	
with	developing	an	alternative	 light	source	that	has	 the	broad	spectral	
bandwidth	of	a	lamp,	and	high	power	focused	in	a	tight	spot	similar	to	a	
laser.	 	Such	a	mid‐infrared	light	source	can	be	achieved	through	a	pro‐
cess	known	as	supercontinuum	generation.	
Supercontinuum	generation	is	a	spectacular	process	in	which	an	in‐
tense	single	color	laser	line	can	generate	new	colors	by	propagation	in	a	
nonlinear	medium,	such	as	a	glass	optical	fiber.	The	theory	of	supercon‐
tinuum	generation	 is	 therefore	 presented	 as	well	 as	 experimental	 and	
numerical	 results.	 Several	 different	 configurations	 of	 lasers	 and	 fibers	
are	 investigated,	 together	 with	 techniques	 for	 increasing	 the	 power,	
such	as	imprinting	of	anti‐reflective	structures	and	reducing	the	diame‐
ter	 of	 the	 fiber	 to	 increase	 the	 nonlinearity	 and	 thus	 efficiency	 of	 the	
supercontinuum	generation.	Finally	the	light	sources	are	put	to	the	test	
in	a	series	of	proof‐of‐concept	demonstrations,	designed	to	benefit	from	
the	 unique	 properties	 of	 supercontinuum	 light	 sources.	 It	 is	 believed	
that	such	a	source	can	find	application	within	for	example	food	analysis	
and	diagnosis	of	early‐stage	skin	cancer.	
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DANSK	RESUMÉ	(DANISH	SUMMARY)	
Spektroskopi	er	læren	om	lysets	vekselvirkning	med	molekyler,	og	kan	
blandt	andet	bruges	til	at	identificere	specifikke	stoffer	i	fødevarer	eller	
medicin	 ved	 at	 studere	 hvilke	 dele	 af	 lyset	 der	 bliver	 absorberet	 efter	
vekselvirkning	 med	 en	 prøve.	 Især	 infrarødt	 lys,	 mere	 specifikt	 den	
midt‐infrarøde	del	af	spektret,	er	interessant	fordi	næsten	alle	moleky‐
ler	 har	 karakteristiske	 absorptions	 fingeraftryk	 i	 dette	 område.	Nuvæ‐
rende	 instrumenter	til	spektroskopi	benytter	termiske	 lyskilder,	meget	
lig	de	velkendte	glødepærer,	som	udsender	relativt	svagt	og	ufokuseret	
lys,	 der	 kun	 kan	 benyttes	 under	 særlige	 forudsætninger.	 Denne	 Ph.D.	
afhandling	præsenterer	de	seneste	 tre	års	arbejde	med	udvikling	af	en	
særlig	lyskilde,	der	som	en	lampe	dækker	et	bredt	område	at	det	infra‐
røde	 lysspektrum,	 og	 som	 en	 laser	 har	 alt	 lyset	 samlet	 i	 et	 lille	 punkt	
med	 høj	 intensitet.	 Sådan	 en	 midt‐infrarød	 lyskilde	 kan	 skabes	 ved	
hjælp	af	en	proces	ved	navn	superkontinuum	generering.				
Superkontinuum	 generering	 dækker	 over	 en	 spektakulær	 proces	
hvorved	en	enkelt‐farvet	laser	kan	generere	nye	farver	og	brede	dem	ud	
i	et	kontinuum	ved	hjælp	at	et	såkaldt	ikke‐linært	medie,	så	som	f.eks.	en	
optisk	 fiber.	 Teorien	 bag	 superkontinuum	 bliver	 således	 præsenteret,	
sammen	med	eksperimentelle	og	numeriske	resultater.	Flere	forskellige	
konfigurationer	af	lasere	og	fibre	bliver	undersøgt	sammen	med	teknik‐
ker	 for	 at	 øge	 lysstyrken,	 som	 f.eks.	 ved	 at	 indprente	 anti‐reflektive	
strukturer	på	fibrene,	eller	ved	at	reducere	diameteren	på	fibrene	for	at	
øge	 ikke‐lineariteten,	 og	 derved	 øge	 superkontinuum	 effektiviteten.	
Endeligt	bliver	den	udviklede	 lyskilde	benyttet	 i	 en	række	pilot	ekspe‐
rimenter,	 der	 er	 designet	 til	 at	 udnytte	 superkontinuum	 kildens	 gode	
egenskaber.	Vi	mener	at	denne	type	lyskilde	vil	kunne	finde	anvendelse	
inden	 for	 f.eks.	 fødevareanalyse	 eller	 diagnosticering	 af	 hudkræft	 i	 et	
tidligt	stadie.	
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1	
	
 Chapter	
Introduction 
		
“Any	sufficiently	advanced	technology	is	indistinguishable		
from	magic.”		
―	Arthur	C.	Clarke,	Profiles	of	the	Future.	
	
	
eyond	the	colors	of	light	that	our	human	eye	can	perceive	is	an	
entire	 spectrum	 of	 invisible	 light,	 the	 so‐called	 infrared	 light	
Infrared	light	was	first	discovered	by	Sir	Frederick	William	Her‐
schel	 in	1800	when	studying	the	difference	 in	 temperature	 induced	by	
the	individual	colors	of	light	[1].	He	did	this	by	passing	sunlight	through	
a	 prism	 to	 separate	 the	 colors	 into	 a	 spectrum	 and	 then	measure	 the	
individual	 colors	 with	 a	 thermometer.	 He	 discovered	 that	 going	 from	
violet	to	red	the	temperature	increased,	but	to	his	surprise	the	tempera‐
ture	increased	even	further	 just	beyond	the	visible	red	light,	and	so	he	
had	 discovered	what	would	 later	 be	 known	 as	 infrared	 radiation.	 The	
term	 infrared	 in	 general	 refers	 to	 the	 region	 of	 the	 electromagnetic	
spectrum	between	visible	and	microwave	radiation.	The	distinction	be‐
tween	light	and	radiation	is	somewhat	of	a	philosophical	nature,	never‐
theless	 infrared	 light	 is	 generally	 perceived	 as	 radiation	 that	 is	 unde‐
tectable	by	the	human	eye,	specifically	light	with	a	wavelength	between	
0.7‐1000	μm.	Objects	on	this	scale	include	everything	from	bacteria	and	
cells	to	the	diameter	of	a	human	hair	and	a	grain	of	sand.	The	properties	
and	 applications	 of	 light	 over	 the	 entire	 infrared	 spectrum	 is	 equally	
diverse,	 so	 to	more	precisely	 state	 the	 region	 of	 interest	 for	 a	 specific	
application	 the	region	 is	often	divided	 into	multiple	sub‐bands	accord‐
ing	to	some	division	scheme.	One	such	scheme	is	 ISO	20473,	which	di‐
vides	the	infrared	into	three	spectral	regions:	The	near‐infrared	(0.78‐3	
μm),	mid‐infrared	(3‐50	μm),	and	far‐infrared	(50‐1000	μm).		
B
	
2	 Introduction	
The	 infrared	 spectral	 region	 is	 of	 interest	 in	 the	 field	 of	 infrared	
spectroscopy,	 which	 is	 a	 chemical	 analytical	 method	 for	 investigating	
the	 chemical	 composition	 of	 substances	 by	 interpreting	 how	 infrared	
light	 interacts	with	 the	 sample.	 It	has	been	known	 for	 several	decades	
that	 parts	 of	 the	 infrared	 light	 is	 connected	 to	 the	 vibrations	 of	mole‐
cules,	and	that	the	interaction	of	this	infrared	light	with	molecules	caus‐
es	parts	of	the	light	to	be	absorbed.	The	parts	of	the	light	that	is	missing	
after	interacting	with	the	molecule	then	forms	a	distinct	fingerprint	that	
is	unique	to	that	specific	molecule,	and	therefore	can	be	used	to	identify	
it.	Especially	the	2.5‐25	μm	part	of	the	mid‐infrared	(mid‐IR)	is	of	inter‐
est	because	practically	 all	molecules	display	highly	distinctive	 spectral	
absorption	fingerprints	in	this	region,	allowing	the	unambiguous	identi‐
fication	of	chemical	substances	in	various	samples.	For	this	reason	this	
reason	it	is	often	referred	to	as	the	fingerprint	region.	Infrared	spectros‐
copy	has	been	employed	extensively	in	such	diverse	areas	as	early	can‐
cer	diagnostics	[2–5],	protein	dynamics	[6–8],	trace	gas	detection	[9,10],	
and	food	quality	assurance	and	process	monitoring.	Applications	within	
food	production	are	elaborated	in	the	following	section.	
1.1 LIGHT	AND	FOOD	
This	dissertation	is	based	on	the	PhD	Project	“Light	and	Food”	funded	by	
the	 Innovation	Fund	Denmark	 (formerly	Danish	Advanced	Technology	
Foundation)	(J.nr.	132‐2012‐3)	with	the	goal	of	developing	a	platform	of	
analytical	 solutions	 for	 the	 food	 industry	 based	 on	 bright	 and	 broad	
infrared	 light	 sources.	 Through	 sensitive	 real‐time	 measurements	 of	
quality	parameters,	 such	analytical	 instruments	 can	provide	a	 solution	
for	 enabling	 demanding	 on‐line	 process	 monitoring,	 fiber	 distributed	
sensing,	microspectroscopy,	 and	non‐destructive	 testing.	 The	hypothe‐
sis	 is	 that	when	 combining	new	 IR‐sources	with	 spectroscopy,	 chemo‐
metrics,	 and	 processing	 expertise,	 the	 technology	 will	 enable	 faster,	
more	sensitive	and	 flexible	analysis	of	grains,	soils	and	dairy	products.	
We	believe	that	the	future	of	food	production	is	based	on	molecular	in‐
sights	in	all	branches	of	the	value	chain,	from	the	field	and	the	sorting	of	
raw	materials	to	the	process	control	in	production	and	quality	control	at	
the	 consumer	 end.	 Examples	 of	 infrared	 spectroscopy	 applied	 in	 the	
context	of	food	analysis	include:	
	
	
3	Chapter	1.1 ‐ Light	and	Food	
 Adulterant	identification	such	as	detection	of	melamine	added	
in	milk	to	give	the	appearance	of	high	protein	content	[11].	
 Quantitative	analysis	 such	 as	 identifying	 the	 concentration	 of	
protein,	glucose,	or	other	constituents	 in	 food	products	used	 in	
pricing	or	assessment	of	food	quality	[12].	
 Process	monitoring	 such	 as	 monitoring	 phenolic	 compounds	
during	fermentation	of	wine	that	affect	the	taste	and	color	[1].	
 Waste	reduction	such	as	 reducing	process	water	waste	 in	 the	
dairy	industry	[13,14],	or	monitoring	the	staling	of	bread	[15].	
 Sorting	and	selective	breeding	such	as	identifying	barley	phe‐
notypes	 with	 higher	 levels	 of	 beta	 glucan	 for	 potential	 health	
benefits	[16].	
 Food	safety	such	as	detecting	mycotoxins	 in	 the	 food	and	 feed	
chains	[17],	 identification	 of	 foodborne	 pathogens	[18],	 or	 de‐
termination	of	acetone	in	cow	milk	[19].	
	
Unfortunately	many	applications	 in	mid‐IR	spectroscopy	has	been	 lim‐
ited	 by	 the	 maturity	 of	 mid‐IR	 technology	 and	 availability	 of	 light	
sources.	Conventional	mid‐IR	instruments	have	relied	on	thermal	radia‐
tion	 from	 e.g.	 a	 glowing	 silicon	 carbide	 rod	 (Globar)	 because	 they	 are	
cheap,	 stable,	 and	 a	 reliable	 source	 of	 infrared	 radiation.	 However,	
thermal	 emitters	 have	 low	 emission	 power	 spectral	 density,	 and	 radi‐
ates	 in	all	directions,	 i.e.	spatially	 incoherent,	 limiting	the	minimum	fo‐
cused	spot	size	that	can	be	probed	and	maximum	path	length	light	can	
travel	in	a	medium.	One	area	that	has	traditionally	been	very	difficult	is	
analysis	of	aqueous	samples,	such	as	milk.	Water	has	very	high	absorp‐
tion	across	the	mid‐IR	region,	which	means	that	the	sample	volume	has	
to	be	very	small	for	light	to	penetrate	the	sample,	and	even	then	water	
may	obstruct	some	spectral	 features	of	other	constituents.	Figure	1.1.1	
shows	 the	 absorption	 of	 liquid	 water	 from	 0.2‐15	 μm	 along	 with	 the	
position	of	a	few	spectral	 fingerprints	of	 interest	 in	the	context	of	milk	
analysis,	 which	 clearly	 illustrates	 the	 challenges	 of	 the	 mid‐IR.	 As	 an	
example,	 to	measure	 the	Amide	 I	 peak	 of	 protein	 at	 6.05	μm	requires	
detection	of	a	signal	that	is	attenuated	by	a	factor	of	2,600	per	centime‐
ter,	which	is	why	transmission	cells	for	such	measurements	are	limited	
to	around	7	μm	path	length	to	avoid	total	absorption	from	water	[7].	
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5	Chapter	1.2 ‐ Scope	and	Outline	
the	mid‐IR	 represents	 a	 significant	 challenge,	 due	 to	 the	need	 for	new	
exotic	glasses,	components,	and	laser	sources.	It	is	the	goal	of	my	Ph.D.	
studies	to	be	on	the	forefront	of	the	development	of	mid‐IR	SC	sources,	
and	to	identify	and	demonstrate	the	potential	applications	and	of	these	
sources.	
	
1.2 SCOPE	AND	OUTLINE	
The	main	 focus	of	 the	dissertation	 is	 the	 research	and	development	of	
fiber‐based	mid‐IR	SC	light	sources,	with	an	emphasis	on	obtaining	high	
average	output	power	and	a	broad	bandwidth	 for	use	 in	spectroscopic	
applications,	and	mainly	within	food	analysis.	
	
The	dissertation	is	organized	in	the	following	way:	
	
 Chapter	2:	Theory	of	Light‐Matter	Interaction	
The	 basic	 theory	 regarding	 propagation	 of	 light	 and	 the	 linear	
and	 nonlinear	 effects	 governing	 supercontinuum	 generation	 in	
optical	fibers	is	presented.	Through	basic	understanding	of	how	
light	interacts	with	electrons	and	molecules,	several	insights	into	
material	 properties	 and	 optical	 phenomena	 are	 made.	 Finally,	
the	nonlinear	Schrödinger	equation	is	developed,	which	is	used	
to	numerically	investigate	supercontinuum	generation.	
	
 Chapter	3:	Mid‐Infrared	Materials	and	Waveguides	
An	 overview	 of	 the	 various	materials	 and	waveguides	 suitable	
for	the	mid‐IR	spectral	region	is	presented.	Then	the	methodol‐
ogy	of	how	we	measure	the	 important	dispersion	parameter	 in	
fibers	and	waveguides	 is	shown,	which	 later	 in	Chapter	4.5.3	 is	
demonstrated	to	have	critical	impact	on	cascaded	supercontinu‐
um	generation.	The	chapter	continues	with	the	characterization	
of	ultrafast	 laser	 inscribed	waveguides	manufactured	at	Heriot‐
Watt	University,	which	was	published	 in	 journal	 paper	 [I],	 and	
ends	with	our	work	with	nanoimprint	 lithography	of	 fiber	end‐
facets	to	obtain	antireflective	properties.	
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 Chapter	4:	Supercontinuum	Generation	in	Chalcogenide	Fibers	
In	 this	 chapter	 results	with	mid‐IR	 supercontinuum	generation	
in	various	fiber‐	and	pump	configurations	is	presented.	First	the	
results	 of	 journal	 paper	 [IV]	 is	 presented,	which	 at	 the	 time	of	
publication	represented	the	broadest	spectrum	ever	recorded	in	
an	optical	 fiber.	The	 chapter	proceeds	 to	our	work	on	 simulta‐
neously	achieving	high	average	output	power	and	the	broadest	
possible	bandwidth,	using	a	MHz	pump	source	and	various	dif‐
ferent	 fibers	 (Includes	 excerpts	 from	 papers	 [III],[iii],[v],	 and	
[vi]).	Finally	the	results	with	cascaded	supercontinuum	genera‐
tion	are	presented.	Cascading	in	chalcogenide	fibers	was	initially	
presented	in	the	numerical	papers	[V]	and	[vii],	and	later	exper‐
imentally	verified	in	papers	[II]	and	[i].	
	
 Chapter	5:	Applications	in	Spectroscopy	and	Imaging	
The	 strengths	 and	weaknesses	 are	 discussed	 in	 this	 chapter	 in	
order	to	identify	potential	applications	and	pitfalls	within	spec‐
troscopy	 and	 imaging.	 Three	 experimental	 proof‐of‐concept	
demonstrations	 are	 presented	 for	 transmission/diffuse	 reflec‐
tance	 of	 skin,	 and	 transmission	 spectroscopy	 on	whey	 protein	
ultrafiltration	membranes	and	liquid	milk.	
	
 Chapter	6:	Conclusion	and	Outlook	
We	 take	 a	 step	 back	 and	 look	 at	what	 has	 been	 accomplished,	
what	was	the	major	issues,	and	how	do	we	proceed	to	overcome	
these	in	the	future.	
	
	
	
	
	
	
	
	
	
	
	
	
	
5	
	
 Chapter	
Theory	of	Light‐Matter	
Interaction 
	
“Very	simple	was	my	explanation,	and	plausible	enough	‐		
as	most	wrong	theories	are!”		
―	H.G.	Wells,	The	Time	Machine	
	
	
he	linear	and	nonlinear	response	of	a	material	to	an	applied	field	
is	the	basis	for	understanding	vibrational	spectroscopy	and	SCG.	
The	optical	 response	of	a	material	has	multiple	 sources,	 includ‐
ing:	 electronic	 response	 from	 the	 anharmonic	 motion	 of	 bound	 elec‐
trons,	vibrational	response	from	molecular	motion,	and	possibly	acous‐
tic	motion	 due	 to	 electrostriction.	 There	 are	 also	molecular	 rotational	
modes	but	these	are	only	found	in	liquids	and	gasses,	and	will	therefore	
not	be	covered	in	this	work.	As	a	starting	point	the	electronic	and	vibra‐
tional	response	is	elucidated	from	the	harmonic	oscillator	model	and	the	
induced	 polarization	 elaborated	 through	 basic	 quantum	 theory.	 From	
the	 basics	 understanding	 of	 electronic	 and	 vibrational	 resonances,	we	
can	then	start	to	explain	specific	material	properties,	such	as	dispersion	
and	attenuation.	Once	the	linear	effects	have	been	established,	the	read‐
er	is	introduced	to	Maxwell’s	equations	and	the	wave	equation	that	gov‐
erns	 propagation	 of	 light	 in	 optical	 fibers.	 Finally,	 the	 nonlinear	 phe‐
nomena	that	are	most	relevant	to	SCG	in	fibers	are	explained,	and	placed	
in	 the	 context	 of	 the	 generalized	nonlinear	 Schrödinger	 equation	used	
for	modelling	SCG.	
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7	2.1.1 ‐ Electronic	Response	
	
where	ߛ	is	a	frictional	constant,	ܭ௦	is	the	spring	constant,	݉	is	the	elec‐
tronic	 mass,	 and	 ࡱഥ	 is	 the	 electric	 field.	 Assuming	 a	 harmonic	 electric	
field	ࡱഥ ൌ ࡱഥ଴݁ି௜ఠ௧	oscillating	in	time	t	at	the	frequency	߱,	and	a	similar	
harmonic	response	࢘ത ൌ ࢘ത଴݁ି௜ఠ௧,	 the	derivatives	of	equation	 (2.1.2)	be‐
come	trivial,	leading	to	the	solution:	
	
	 ࢘ത ൌ െ݁ࡱഥെ݉߱ଶ െ ݅݉߱ߛ ൅ ܭ௦	
(2.1.3)	
	
Inserting	eq.	(2.1.3)	into	eq.	(2.1.1),	and	accounting	for	the	contribution	
to	the	local	electric	field	from	all	other	dipoles	in	the	medium,	given	by	
ࡼഥ/3߳଴	 where	 ߳଴	 is	 the	 vacuum	 permittivity,	 the	 induced	 polarization	
becomes:	
	
	 ࡼഥ ൌ ቆ ܰ݁
ଶ
െ݉߱ଶ െ ݅݉߱ߛ ൅ ܭ௦ቇቆࡱ
ഥ ൅ ࡼഥ3߳଴ቇ	 (2.1.4)	
	
Defining	the	quantity	߱଴ଶ ൌ ܭ௦/݉ െ ܰ݁ଶ/3݉߳଴	,	and	rewriting	equation	
(2.1.4)	to	solve	for	ࡼഥ:	
	
	 ࡼഥ ൌ ቆ ܰ݁
ଶ/݉
߱଴ଶ െ ߱ଶ െ ݅߱ߛቇࡱ
ഥ	 (2.1.5)	
	
The	magnitude	of	the	polarization	is	then	given	by:	
	
	 |ࡼഥ| ൌ ቆ ܰ݁
ଶ/݉
ඥሺ߱଴ଶ െ ߱ଶሻଶ ൅ ߱ଶߛଶ
ቇ |ࡱഥ|	 (2.1.6)	
	
It	is	now	evident	that	besides	being	proportional	to	the	magnitude	of	the	
electric	field,	the	magnitude	of	the	induced	polarization	is	also	frequen‐
cy	 dependent	 and	 increases	 as	 ߱ → ߱଴,	 so	 that	 ߱଴	 represents	 a	 reso‐
nance	 frequency	 of	 the	 atom.	 At	 this	 frequency	 energy	 is	 transferred	
very	efficiently	from	the	electric	field	to	polarize	the	atom,	leading	to	a	
sharp	electronic	absorption	 line.	 In	quantum	theory	 the	resonant	elec‐
tronic	absorption	corresponds	to	the	excitation	of	an	electron	from	the	
ground	state	to	an	excited	state,	which	can	only	occur	at	a	discrete	quan‐
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tized	energy	 level	ܧ௣ ൌ ԰߱ ൌ ܧଶ െ ܧଵ,	where	԰	 is	 the	reduced	Planck’s	
constant,	and	ܧ௣,	ܧଵ,	and	ܧଶ	are	the	energies	of	the	photon,	ground,	and	
excited	 states,	 respectively.	 The	 excited	 electron	 will	 then	 undergo	 a	
series	 of	 radiative	 and/or	 non‐radiative	 relaxation	 transitions	 back	 to	
the	 ground	 state.	 For	 single	 atoms	 and	 very	 small	molecules	 the	 elec‐
tronic	transitions	usually	occur	in	the	ultraviolet	region	due	to	the	small	
mass,	whereas	larger	molecules	will	tend	to	have	electronic	transitions	
in	 the	visible	 to	near‐infrared.	 In	optical	waveguides	 the	electronic	ab‐
sorption	of	the	host	glass	effectively	determines	the	lower	transmission	
edge	of	the	waveguide	due	to	an	exponential	increase	in	absorption	be‐
low	the	bandgap	known	as	the	Urbach	tail.	
2.1.2 MOLECULAR	RESPONSE	
Similar	 to	 the	 case	 of	 electronic	 oscillations	 the	 harmonic	 oscillator	
model	 can	 be	 applied	 to	 describe	 ionic	 oscillations,	 namely	 the	 vibra‐
tional	stretching	of	a	heteronuclear	diatomic	molecule.	 In	 this	case	 the	
two	atoms	both	vibrate	 about	 their	molecular	 equilibrium	with	ampli‐
tudes	inversely	proportional	to	their	respective	masses	݉ଵ	and	݉ଶ,	thus	
maintaining	 a	 stationary	 center	 of	mass.	 The	 characteristic	 oscillation	
frequency	of	this	system	is	given	by	[31]:	
	
	
ߥ ൌ 12ߨඨܭ௦ ൬
1
݉ଵ ൅
1
݉ଶ൰ ൌ
1
2ߨඨ
ܭ௦
ߤ 	
	
(2.1.7)	
Here	ߤ	 is	 the	 reduced	mass	of	 the	diatomic	molecule.	For	example	 the	
stretching	vibrational	resonance	frequency	in	wavenumbers	ሺݒ෤଴ ൌ ߥ/ܿሻ	
of	 isotope	 35	 of	 the	 H‐Cl	molecule	 can	 be	 approximated	 from	 the	 re‐
duced	mass	ߤ ൌ 0.98	amu ൌ 1.62733 ൈ 10ିଶ଻kg	and	bond	strength	con‐
stant	ܭ௦ ൌ 480	N	mିଵ	[1]:	
	
	
ݒ෤଴,ு஼௅ ൌ 12ߨܿ ඨ
ܭ௦
ߤ ൌ
1
2ߨ 2.99792 ൈ 10ଵ଴cm sିଵ ൈ
ඩ 480
kg	m
sଶ 	mିଵ
1.62733 ൈ 10ିଶ଻ kg ൎ 2883	cm
ିଵ	
	
(2.1.8)	
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11	2.1.3 ‐ Dispersion	
making	interpretation	of	the	absorption	spectrum	challenging.	Applica‐
tions	of	absorption	spectroscopy	in	e.g.	foods	will	be	elaborated	in	Chap‐
ter	5.	
2.1.3 DISPERSION	
Refractive	index	dispersion	is	the	frequency	dependence	݊ሺ߱ሻ	that	orig‐
inates	from	the	wings	of	the	electronic	and	vibrational	absorption	reso‐
nances,	due	to	the	mutual	relation	between	refractive	index	and	absorp‐
tion	coefficient	through	the	Kramers‐Kronig	relations	 	[30].	Away	from	
resonances	 the	refractive	 index	may	be	well	approximated	by	the	Sell‐
meier	equation	[33,34]:	
	
	
݊ଶሺ߱ሻ ൌ 1 ൅෍ ܤ௝ ௝߱
ଶ
௝߱ଶ െ ߱ଶ
௠
௝ୀଵ
	 (2.1.10)	
	
Where	 ௝߱	 is	 the	 resonance	 frequencies	 of	 the	 material,	 and	 ܤ௝	 is	 the	
resonance	strength	for	the	݆’th	resonance.	In	practice	the	ܤ௝	coefficients	
are	found	by	fitting	measured	data	to	Eq.	(2.1.10).	The	dispersion	is	said	
to	be	normal	if	the	refractive	index	increases	with	frequency,	and	anom‐
alous	if	it	decreases.	As	a	result	different	frequencies	of	light	have	slight‐
ly	 different	 index	 of	 refraction,	 and	 different	 phase‐velocity	
ݒ௣௛ ൌ ܿ/݊ሺ߱ሻ	when	propagating	 in	 a	medium.	By	 propagating	 light	 of	
finite	spectral	width	through	a	material	thus	causes	its	constituent	fre‐
quency	components	to	spread	apart,	an	effect	which	will	prove	crucial	in	
relation	to	SCG.		
In	waveguides	the	effective	mode	index	is	 lower	than	the	material	
index,	which	means	that	the	total	dispersion	of	the	waveguide	depends	
not	 only	 on	 the	material	 properties,	 but	 also	on	 the	 fiber	 structure.	 In	
standard	 SIFs	 the	 waveguide	 dispersion	 is	 usually	 weak	 compared	 to	
the	 material	 dispersion,	 but	 by	 utilizing	 microstructured	 designs	 the	
dispersion	can	be	significantly	modified.	This	will	be	covered	briefly	 in	
Section	2.2.2.	
	
	
	
	
12	 Theory	of	Light‐Matter	Interaction
2.1.4 OPTICAL	ATTENUATION	
Light	propagating	in	a	medium	is	inevitably	attenuated	by	a	number	of	
effects	that	depend	on	both	the	wavelength	of	light	and	properties	of	the	
medium.	One	source	of	attenuation	 is	 the	electronic	and	molecular	ab‐
sorption	 of	 photons	 already	 covered	 in	 Sections	 2.1	 and	 2.1.2,	 which	
gives	 rise	 to	 the	short‐	and	 long‐wavelength	 transmission	edges	of	 the	
material	defined	by	electron	and	phonon	resonances,	as	well	as	absorp‐
tion	due	to	the	presence	of	defects	and	impurities.		
The	other	primary	source	of	attenuation	in	optical	fibers	is	scatter‐
ing	due	to	either	structural	or	material	inhomogeneities.	Scattering	due	
to	 structural	 inhomogeneities	 is	 sometimes	 referred	 to	 as	microdefor‐
mation	 loss,	 because	 it	 is	 caused	 by	 variations	 in	 the	 structure	 of	 the	
fiber,	 such	 as	 the	 core	 diameter	[35].	 As	 a	 result	 light	 is	 scattered	 be‐
tween	 co‐propagating	 modes	 in	 the	 core	 and/or	 cladding,	 which	 can	
lead	to	significant	losses	in	microstructured	fibers	or	SIFs	with	high	in‐
dex	 contrast,	 because	 the	 tension	between	 regions	 of	 different	 glasses	
can	lead	to	more	inhomogeneities	in	the	core.		
Material	inhomogeneities	is	another	way	of	describing	photons	that	
are	scattered	by	collision	with	the	medium’s	constituent	molecules,	also	
known	as	Rayleigh	scattering.	In	optical	fibers	this	is	often	expressed	in	
a	macroscopic	sense	as	fluctuations	in	the	refractive	index.	It	is	referred	
to	 as	 a	 quasi‐elastic	 scattering	 event	 since	 it	 induces	 no	 frequency	
shift	[36],	and	it	can	be	understood	in	a	microscopic	sense	by	analogy	to	
the	 induced	dipole	 introduced	 in	Section	2.1.2.	 In	 this	picture	Rayleigh	
scattering	is	understood	as	the	incoherent	radiation	of	bound	electrons	
due	to	a	 time‐varying	 induced	dipole.	 It	may	be	quantized	through	the	
total	scattering	cross‐section	ߪ,	describing	the	total	scattered	power	of	a	
linearly	polarized	field	over	all	solid	angles	[36]:	
	
	 ߪ ൌ ݁
ସ߱ସ
6ߨ߳଴݉ଶܿସሾሺ߱଴ଶ െ ߱ଶሻଶ ൅ 4߱ଶߛଶሿ	
(2.1.11)	
	
The	scattered	power	is	assumed	to	scale	linearly	with	ߪ	and	intensity	ܫ଴,	
so	ࡼ࢙ ൌ ܫ଴ߪ,	and	so	the	scattered	power	is	seen	to	increase	as	the	fourth	
power	of	the	optical	frequency	in	the	limit	߱ ≪ ߱଴.	This	also	partly	ex‐
plains	why	the	sky	is	blue,	because	the	shorter	blue	wavelengths	experi‐
	
ence	inc
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15	2.2.1	‐ Maxwell’s	Equations	and	the	Wave	Equation	
2.2 LINEAR	PULSE	PROPAGATION	IN	OPTICAL	FIBERS	
(Based	on	G.	Agrawal	(2013)	[33]	and	R.	W.	Boyd	(2008)	[36])	
2.2.1 MAXWELL’S	EQUATIONS	AND	THE	WAVE	EQUATION	
Propagation	 of	 an	 electromagnetic	 field	 in	 an	 optical	 medium	 is	 gov‐
erned	 by	Maxwell’s	 equations,	 and	 in	 the	 case	 of	 optical	 fibers	where	
there	is	no	current	ሺ۸̅ ൌ 0ሻ	or	charge	density	ሺߩ ൌ 0ሻ	of	the	medium,	the	
equations	may	be	written	in	their	differential	form	as:	
	
	 ׏ ൈ ۳ത ൌ െ∂۰ഥ∂t
׏ ൈ ۶ഥ ൌ ۸̅ ൅ ∂۲ഥ∂t ൌ
∂۲ഥ
∂t 	
׏ ∙ ۲ഥ ൌ ߩ ൌ 0	
׏ ∙ ۰ഥ ൌ 0	
(2.2.1)	
	
where	۳ത	and	۶ഥ	are	vectors	representing	the	electric	and	magnetic	field,	
and	۰ഥ	and	۲ഥ 	are	 the	electric	 and	magnetic	 flux	densities,	 respectively.	
The	equations	relate	the	rate	of	changes	of	the	electric	and	magnetic	flux	
densities	in	response	to	an	applied	field	according	to	the	following	rela‐
tions:	
	
	 ۲ഥ ൌ ߳଴۳ത ൅ ۾ഥ
۰ഥ ൌ ߤ଴۶ഥ ൅ۻഥ 	 (2.2.2)	
	
where	ߤ଴	and	߳଴	are	the	vacuum	permeability	and	permittiviy,	and	ۻഥ 	is	
the	magnetic	 induced	polarization,	which	 is	 zero	 in	 the	 case	 of	 a	 non‐
magnetic	medium.	 From	 the	 equations	 in	 (2.2.1)	 and	 (2.2.2)	 the	wave	
equation	may	be	derived	as:	
	
	 ׏ଶ۳ത ൌ 1ܿଶ
߲ଶ۳ത
߲ݐଶ ൅
1
߳଴ܿଶ
߲ଶ۾ഥ
߲ݐଶ 	 (2.2.3)	
	
where	 the	definition	of	 the	speed	of	 light	 in	vacuum	ܿ ൌ 1/	ඥߤ଴߳଴	and	
the	 following	 relations	 ߘ ൈ ߘ ൈ ܧ ൌ ׏ሺ׏ ⋅ Eሻ െ ׏ଶE ൌ െ׏ଶܧ,	 and	
1
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In	the	ray	optics	picture	such	a	structure	allows	for	light	to	be	guided	by	
total	 internal	 reflection	 according	 to	 Snell’s	 law	of	 refraction.	Total	 in‐
ternal	 reflection	 occurs	 at	 a	 maximum	 incident	 angle	 of	 sinሺθ௠௔௫ሻ ൌ
݊ୡ୪ୟୢ/݊ୡ୭୰ୣ,	and	from	trigonometry	the	acceptance	angle	of	the	fiber	for	
which	this	condition	is	fulfilled	is	then	given	by	the	numerical	aperture	
(NA)	[39,40]:	
	
	 sinሺθ௘௫௧ሻ ൌ ට݊ୡ୭୰ୣଶ െ ݊ୡ୪ୟୢଶ ൌ NA	 (2.2.7)	
	
This	formalism	gives	a	nice	intuitive	understanding	of	how	optical	fibers	
work,	however,	to	more	accurately	understand	the	guiding	properties	of	
a	SIF	in	the	context	of	wave	optics,	it	requires	solving	the	wave	equation	
(2.2.6)	 derived	 in	 the	 previous	 section.	 This	 is	 most	 easily	 done	 by	
adopting	 a	 scalar	 approach	 assuming	 that	 the	 electric	 field	 is	 linearly	
polarized	with	unit	vector	̅ݔ	along	the	radial	coordinate	ߩ,	and	by	sepa‐
rating	the	rapidly	varying	part	of	the	electric	field,	such	that:	
	
	 ۳ሺ࢘, ݐሻ ൌ 12 ̅ݔሾEሺ࢘, ݐሻ expሺെ݅߱଴ݐሻ ൅ ܿ. ܿ. ሿ	 (2.2.8)		
where	Eሺݎ, ݐሻ	is	a	slowly	varying	function	of	time	relative	to	the	optical	
period,	߱଴	is	the	carrier	frequency,	and	c.c.	is	short	for	the	complex	con‐
jugate.	Eq.	(2.2.6)	can	then	be	solved	by	separation	of	variables	to	yield	a	
solution	of	the	form:	
	
	 E෩ሺܚ, ω െ ω଴ሻ ൌ ̅ݔ Fሺݔ, ݕሻA෩ሺݖ, ߱ െ ߱଴ሻexpሺ݅ߚ଴ݖሻ	 (2.2.9)		
where	ܣሚሺݖ, ߱ሻ	is	assumed	to	be	a	slowly	varying	function	of	ݖ,	and	ߚ଴	is	
the	propagation	constant	of	 the	wave.	 Fሺݔ, ݕሻ	describes	 the	 transverse	
spatial	distribution	of	the	electric	field.	For	optical	fibers	it	is	common	to	
describe	the	mode	by	its	effective	area,	defined	by	[33]:	
		
	
ܣୣ୤୤ ൌ
൫∬ |ܨሺݔ, ݕሻ|ଶ dx dyஶିஶ ൯
ଶ
∬ |ܨሺݔ, ݕሻ|ସ dx dyஶିஶ
	 (2.2.10)	
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The	effective	area	 is	 an	 important	 factor	when	considering	nonlineari‐
ties	in	pulse	propagation	in	Section	2.3.	Since	the	SIF	possesses	cylindri‐
cal	 symmetry	 the	 mode	 distribution	 it	 is	 most	 conveniently	 found	 by	
adopting	cylindrical	coordinates	[33]:	
	
	 ߲ଶF
߲ߩଶ ൅
1
ߩ
߲F
߲ߩ ൅ ቆ݊
ଶ݇଴ଶ െ ߚଶ െ ݉
ଶ
ߩଶ ቇ F ൌ 0	 (2.2.11)	
	
Solutions	to	Eq.	(2.2.11)	are	linear	combinations	of	Bessel	functions	for	
the	core	region,	and	modified	Bessel	functions	for	the	cladding,	and	can	
be	 found	by	applying	 the	boundary	conditions	 that	۳ത	and	۶ഥ 	should	be	
continuous	at	the	core‐cladding	interface,	and	decay	exponentially	in	the	
cladding	region	with	 increasing	radial	distance.	This	 leads	 to	an	eigen‐
value	equation	that	has	several	ሺ݈ሻ	solutions	for	ߚ	for	each	integer	value	
of	݉.	 Each	 eigenvalue	 describes	 a	 fiber	 mode,	 denoted	ߚ௠௟,	 and	 only	
modes	 that	 fulfil	 ݇଴݊௖௟௔ௗ ൏ ߚ ൏ ݇଴݊௖௢௥௘	 are	 guided	 by	 the	 fiber.	 The	
number	of	modes	supported	by	a	fiber	depends	on	several	parameters,	
namely	 the	 NA,	 the	 core	 radius	 (a),	 and	 the	 excitation	 wavelength.	 A	
useful	 parameter	 in	 this	 respect	 is	 the	 normalized	 frequency	 or	 V‐
parameter,	which	can	be	used	in	combination	with	the	aforementioned	
eigenvalue	 equation	 to	 identify	 when	 different	 modes	 are	 no	 longer	
supported	by	the	fiber	[33].	
	 ܸ ൌ 2ߨܽߣ NA	 (2.2.12)		
Equation	 (2.2.12)	 is	 used	 to	 define	 the	 single‐mode	 cut‐off	 criteria	
ܸ ൏ ௖ܸ,	for	which	only	a	single	mode	is	supported.	This	cut‐off	frequency	
is	found	as	the	smallest	solution	to	the	Bessel	function,	ܬ଴ሺ ௖ܸሻ ൌ 0,	which	
occurs	for	 ௖ܸ ൌ 2.405	[33].	As	an	example,	using	the	parameters	for	the	
zirconium	 fluoride	 SIF	 in	 Section	 3.3.1	 ሺNA ൌ 0.265, ܽ ൌ 3.4	μmሻ,	 the	
fiber	 is	 found	 to	 be	 single‐mode	 for	 wavelengths	 longer	 than	 2.4	 μm,	
while	 the	 arsenic	 selenide	 fiber	 from	 Section	 4.2.1	 ሺNA ൌ 0.99, ܽ ൌ
8	μmሻ	only	becomes	single‐mode	for	wavelengths	longer	than	20.7	μm.	
	
Photonic	Crystal	Fiber	
	
One	 fiber	 design	 that	 revolutionized	 the	 field	 of	 nonlinear	 fiber	 optics	
and	SCG	 is	 the	photonic	 crystal	 fiber	 (PCF),	 also	known	as	holey	 fibers	
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curs	 for	 ܸୣ ୤୤ ൏ 4.2,	 and	 so	 by	 designing	 PCFs	 specifically	 with	
݀/Λ ൏ 0.45,	it	has	been	found	that		ܸୣ ୤୤	converge	towards	a	value	below	
the	cut‐off	 	making	 the	 fiber	endlessly	 single‐moded	[41].	The	primary	
implication	is	that	the	core	diameter	may	be	scaled	without	introducing	
guided	higher‐order	modes	(HOMs),	and	that	the	dispersion	can	be	sig‐
nificantly	altered	by	tuning	the	values	of	d	and	Λ.	
	
2.2.3 GROUP‐VELOCITY	DISPERSION	
The	effect	of	dispersion	on	fiber	propagation	is	usually	included	by	per‐
forming	a	Taylor	expansion	of	the	propagation	coefficient	around	some	
center	frequency	߱଴	[33]:	
	
	 ߚሺ߱ሻ ൌ ߚ଴ ൅ ߚଵሺ߱ െ ߱଴ሻ ൅ 12ߚଶሺ߱ െ ߱଴ሻ
ଶ ൅ ⋯
൅ 1݉!ߚ௠ሺ߱ െ ߱଴ሻ
௠	
(2.2.14)	
	
For	a	pulse	of	some	finite	spectral	bandwidth	the	envelope	of	the	pulse	
can	be	said	to	travels	as	a	wave	packet	with	group‐velocity:	ݒ୥ ൌ 1/ߚଵ,	
and	 ߚଶ	 then	 represents	 the	 group‐velocity	 dispersion	 (GVD),	 which	 is	
often	expressed	through	the	dispersion	parameter	D,	defined	as:	
	
	 ܦ ൌ ߲ߚଵ߲ߣ ൌ െ
2ߨܿ
ߣଶ ߚଶ	 (2.2.15)		
The	dispersion	is	said	to	be	normal	when	ߚଶ ൐ 0,	so	that	the	group	ve‐
locity	 decreases	with	wavelength,	 and	 anomalous	when	 ߚଶ ൏ 0.	When	
gauging	the	impact	of	dispersion	it	is	useful	to	define	the	two	following	
characteristic	length	scales	[33]:	
	
	 ܮ஽ ൌ ଴ܶ
ଶ
|ߚଶ| , ܮௐ ൌ
଴ܶ
|ߚଵሺ߱ଶሻ െ ߚଵሺ߱ଵሻ|	
(2.2.16)	
	
ܮ஽	 is	 the	 dispersion	 length,	 which	 describes	 the	 length	 of	 fiber	 over	
which	dispersion	causes	a	pulse	of	duration	 ଴ܶ	(1/݁ଶ	of	maximum	inten‐
sity)	to	broaden	by	a	 factor	of	√2.	ܮௐ	is	 the	walk‐off	 length	associated	
with	the	group‐velocity	mismatch	of	two	pulses	overlapping	in	time	but	
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off‐set	in	frequency	at	߱ଵ	and	߱ଶ,	which	defines	the	propagation	length	
after	which	the	pulse	interaction	is	negligible.	
Even	 at	 the	wavelength	where	 ߚଶ ൌ 0,	 known	 as	 the	 zero	 disper‐
sion	wavelength	(ZDW),	third‐order	dispersion	(TOD)	from	the	ߚଷ	term	
can	 cause	 asymmetric	 pulse	 broadening	[33].	 The	 primary	 impact	 of	
TOD	 on	 SCG	 is	 to	 introduce	 a	 perturbation	 to	 the	 stability	 of	 solitary	
waves,	 known	 as	 solitons,	 resulting	 in	 the	 break‐up	of	 the	 soliton	 and	
the	 generation	 of	 resonant	 radiation,	 known	 as	 dispersive	 waves	
(DW)	[42].	This	subject	is	covered	in	section	2.3.6.		
	
2.2.4 DISPERSIVE	PULSE	PROPAGATION	
Returning	 to	 the	 solution	 to	 the	Helmholtz	 equation	 in	Eq.	 (2.2.9),	 the	
envelope	or	amplitude	term	A෩ሺݖ, ߱ሻ	was	assumed	to	be	a	slowly	varying	
function	 compared	 to	 the	 carrier	 frequency.	 The	 slowly	 varying	 enve‐
lope	 approximation	 in	 the	 time	 domain	 is	 equivalent	 to	 the	 condition	
that	the	bandwidth	of	the	optical	field	is	much	smaller	than	the	carrier	
frequency,	 so	 that	 the	 second‐order	 derivatives	may	 be	 neglected	 and	
A෩ሺݖ, ߱ሻ	may	be	adhere	to	[33]:	
	
	 2݅ߚ଴ ߲A
෩
߲ݖ ൅ ሺߚ
ଶ െ ߚ଴ଶሻA෩ ൌ 0	 (2.2.17)	
	
And	 by	 making	 use	 of	 the	 approximation	 ߚଶ െ ߚ଴ଶ ൎ 2ߚ଴ሺߚ െ ߚ଴ሻ	,	 Eq.	
(2.2.17)	becomes		[33]:	
	
	 ߲A෩
߲ݖ ൌ ݅ሺߚሺ߱ሻ െ ߚ଴ሻA෩	 (2.2.18)		
Including	the	expansion	terms	of	the	propagation	constant	up	to	second	
order	(thus	ignoring	TOD	for	now),	the	ߚ଴	term	cancels	out,	and	taking	
the	inverse	Fourier	transform	then	yields	the	following	envelope	equa‐
tion	for	linear	and	lossless	propagation	[33]:	
	
	 ߲A
߲ݖ ൌ െߚଵ
߲A
߲ݐ െ
݅ߚଶ
2
߲ଶA
߲ݐଶ 	 (2.2.19)		
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Losses	can	be	 included	by	adding	 the	 term	െሺߙ/2ሻܣ	 to	 the	RHS	of	Eq.	
(2.2.19).	Eq.	(2.2.19)	can	be	used	to	illustrate	the	basic	features	of	linear	
and	scalar	pulse	propagation	in	optical	fibers,	in	particularly	the	effect	of	
GVD.	By	rewriting	the	equation	in	a	retarded	time	frame	moving	at	the	
GV	of	the	pulse	ሺܶ ൌ ݐ െ ݖ/ݒ௚ሻ	the	simplified	equation	becomes:	
	
	 ߲A
߲ݖ ൌ െ
݅ߚଶ
2
߲ଶA
߲ܶଶ	 (2.2.20)		
Eq.	(2.2.20)	is	most	easily	solved	in	the	frequency	domain	since	the	de‐
rivatives	߲/߲ݐ → െ݅߱.	Taking	the	Fourier	transform	then	yields:	
	
	 ߲A෩
߲ݖ ൌ
݅ߚଶ
2 ߱
ଶܣሚ	 (2.2.21)	
	
With	the	solution:	
	
	 A෩ሺݖ, ߱ሻ ൌ exp ൬݅ߚଶ2 ߱
ଶݖ൰ ܣሚሺ0, ߱ሻ	 (2.2.22)	
	
It	is	seen	from	the	above	equation	that	effect	of	GVD	is	to	impose	a	phase	
shift	on	 the	pulse	 through	 the	 imaginary	exponent,	depending	on	both	
frequency	and	propagation	length.	It	is	also	clear	that	it	does	not	change	
the	 spectral	 shape	 of	 the	 pulse,	 however,	 it	 does	 change	 the	 temporal	
shape.	 Eq.	 (2.2.22)	 can	 be	 visualized	 through	 a	 numerical	 routine	 that	
calculates	 the	 Fourier	 transform	 of	 an	 arbitrary	 waveform.	 Using	 a	
Gaussian	 pulse	with	 ଴ܶ ൌ 1	ps,	 the	 pulse	 amplitude	 and	 spectrum	was	
calculated	for	various	propagation	lengths	between	zero	and	four	times	
the	 dispersion	 length.	 It	 is	 seen	 from	 Figure	 2.2.3(a)	 that	 the	 spectral	
shape	is	unchanged,	and	Figure	2.2.3(b)	displays	the	linear	chirp	across	
the	broadened	pulse.	
Including	nonlinear	interaction	to	the	equation	is	the	subject	of	the	
following	sections.	
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can	therefore	be	split	into	the	linear	contribution	from	߯ሺଵሻ	and	the	non‐
linear	contribution	from	߯ሺଷሻ	[33]:	
	
	 ࡼഥ௅ሺ࢘, ݐሻ ൌ ߳଴ න ߯ሺଵሻሺݐ െ ݐᇱሻࡱഥሺ࢘, ݐ′ሻ݀ݐ′
௧
ିஶ
	 (2.3.3)	
	
ࡼഥே௅ሺ࢘, ݐሻ ൌ ߳଴ම ߯ሺଷሻሺݐ, ݐଵ, ݐଶ, ݐଷሻࡱഥሺ࢘, ݐଵሻࡱഥሺ࢘, ݐଶሻࡱഥሺ࢘, ݐଷሻ݀ݐଵ݀ݐଶ݀ݐଷ
௧
ିஶ
	 (2.3.4)	
	
Eq.	 (2.3.4)	 is	a	generalized	description	of	 third‐order	nonlinear	effects,	
but	due	to	 its	complexity	 it	 is	 instructive	 to	 initially	make	the	assump‐
tion	 that	 the	 response	 is	 instantaneous,	 i.e.	 only	of	 electronic	origin.	 If	
the	 rapidly	 varying	 part	 of	 the	 electric	 is	 again	 separated,	 as	 in	 Eq.	
(2.2.8)	the	third‐order	nonlinear	contribution	becomes		[33]:	
	
	 ࡼഥሺଷሻ ൌ ߳଴߯ሺଷሻ ൬12 ൣࡱഥଵ݁
ି௜ఠభ௧ ൅ ࡱഥଶ݁ି௜ఠమ௧ ൅ ࡱഥଷ݁ି௜ఠయ௧ ൅ ܿ. ܿ. ൧൰
ଷ
	 (2.3.5)	
	
Expanding	Eq.	(2.3.5)	reveals	a	large	number	of	combination	terms	that	
describe	multiple	nonlinear	processes,	including:	The	optical	Kerr	effect,	
which	 is	 the	 source	 of	 self‐phase	 modulation	 (SPM)	 and	 cross‐phase	
modulation	 (XPM),	 third	 harmonic	 generation	 (THG),	 and	 four‐wave	
mixing	(FWM).	Because	the	vibrational	response	has	been	neglected	in	
Eq.	(2.3.5)	 it	does	not	 include	such	effects	as	Raman	scattering	or	Bril‐
louin	 scattering,	 but	will	 be	 introduced	 later	 in	 the	 chapter.	 All	 of	 the	
above	mentioned	 effects	 are	 treated	 separately	 below	with	 the	 excep‐
tion	 of	 THG	 and	 Brillouin	 scattering,	 which	 are	 negligible	 effects	 in	
short‐pulsed	SCG	in	optical	 fibers	due	to	phase	matching	requirements	
and	long	electrostrictive	response	time	[36],	respectively.		
	
2.3.1 KERR	EFFECT	AND	THE	NONLINEAR	SCHRÖDINGER	EQUATION	
The	Kerr	 effect,	 also	 known	 as	 nonlinear	 refraction,	 refers	 to	 the	 field	
intensity	dependence	of	the	refractive	index.	If	losses	are	neglected,	the	
nonlinear	refraction	follows	the	equation	[33]:	
	
	 ݊ሺ߱, ܫሻ ൌ ݊଴ሺ߱ሻ ൅ ݊ଶܫ ൌ ݊଴ሺ߱ሻ ൅ ݊ଶ|ࡱ|ଶ	 (2.3.6)		
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where	݊ଶ	is	the	nonlinear	refractive	index	coefficient.	Nonlinear	refrac‐
tion	can	be	 included	 in	Eq.	 (2.2.19)	by	considering	 the	Kerr	effect	as	a	
small	perturbation	to	the	refractive	index	ሺΔnሻ.	According	to	first‐order	
perturbation	 theory	 Δn	 does	 not	 affect	 the	modal	 distribution	 ܨሺݔ, ݕሻ,	
but	the	propagation	constant	becomes	modified	as	[33]:	
	
	 ߚ෨ሺ߱ሻ ൌ ߚሺ߱ሻ ൅ Δߚሺ߱ሻ	 (2.3.7)	
	 	
	
Δߚሺ߱ሻ ൌ ߱
ଶ݊ሺ߱ሻ
ܿଶߚሺ߱ሻ
∬ Δ݊ሺ߱ሻ|ܨሺݔ, ݕሻ|ଶdx dyஶିஶ
∬ |ܨሺݔ, ݕሻ|ଶdx dyஶିஶ
	 (2.3.8)	
	
Eq.	(2.2.19)	then	becomes:	
	
	 ߲A
߲ݖ ൅
݅ߚଶ
2
߲ଶA
߲ܶଶ ൌ ݅ΔߚA	 (2.3.9)		
By	neglecting	loss	the	relation	Δ݊ሺ߱ሻ ൌ ݊ଶ|ࡱ|ଶ	may	be	used,	and	by	as‐
suming	ߚሺ߱ሻ ൎ ݊ሺ߱ሻ߱/ܿ,	and	that	the	modal	area	is	unchanged	the	per‐
turbation	is	reduced	to:	
	
	 Δߚሺ߱ሻ ൌ ߛ|ܣ|ଶ	 (2.3.10)	
	
	 ߛ ൌ ݊ଶ߱଴ܿܣୣ୤୤ 	 (2.3.11)		
Taylor	 expansion	 of	 Δߚ	 can	 be	 omitted	 because	 of	 the	 quasi‐
monochromatic	assumption	ሺΔ߱ ≪ ߱଴ሻ,	so	the	perturbation	reduces	to	
Δߚ ൎ Δߚ଴,	resulting	in	[33]:	
	
	 ߲A
߲ݖ ൅
݅ߚଶ
2
߲ଶA
߲ܶଶ ൌ ݅ߛ|ܣ|
ଶA	 (2.3.12)	
	
The	pulse	propagation	eq.	(2.3.12)	is	referred	to	as	the	nonlinear	Schrö‐
dinger	equation	(NLSE),	because	it	resembles	the	Schrödinger	equation	
with	a	nonlinear	potential.	
Another	 consequence	 of	 the	Kerr	 effect	 is	 the	 intensity	 dependence	 of	
the	group‐velocity,	which	causes	the	more	intense	pulse	peak	to	propa‐
gate	slower	 than	the	wings,	and	thus	shift	 towards	the	trailing	edge	of	
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the	pulse.	It	causes	a	steepening	of	the	pulse,	which	is	why	it	is	referred	
to	 as	 self‐steepening,	 eventually	 leading	 to	 an	 optical	 shock	wave	 and	
wave‐breaking.	However,	GVD	acts	against	the	steepening,	and	so	it	re‐
quires	numerical	simulations	to	investigate	further.	Self‐steepening	will	
be	included	into	the	NLSE	in	Section	2.4	
	
2.3.2 SELF‐PHASE	AND	CROSS‐PHASE	MODULATION	
The	effect	of	nonlinear	refraction	on	pulse	propagation	becomes	appar‐
ent	when	 considering	 that	 the	 accumulated	 phase	 of	 a	 pulse	߶	 over	 a	
distance	ݖ	is	given	by		[33]:	
	
	 ߶ ൌ ݊݇଴ݖ ൌ ሺ݊଴ ൅ ݊ଶ|ࡱ|ଶሻ݇଴ݖ	 (2.3.13)		
where	݇଴ ൌ 2ߨ/ߣ଴.	A	pulse	propagating	in	a	fiber	will	thus	experience	a	
self‐induced	 nonlinear	 phase	 shift	 ߶ே௅ ൌ ݊ଶ|ࡱ|ଶ݇଴ݖ	 over	 the	 temporal	
envelope,	 known	as	 self‐phase	modulation	 (SPM).	 It	 leads	 to	 a	 shift	 in	
the	instantaneous	frequency,	i.e.	the	frequency	of	the	pulse	at	a	specific	
time	 instance	 of	 the	 pulse	 envelope,	 which	 is	 intuitively	 understood	
from	the	relation	between	the	rate	of	change	of	the	nonlinear	phase	shift	
and	instantaneous	frequency	[33]:	
	
	 ߲߱
߲ݐ ൌ െ
߲߶ே௅
߲ݐ 	 (2.3.14)		
At	the	leading	edge	of	the	pulse	the	intensity	and	thus	nonlinear	phase	
increases,	 resulting	 in	 a	 positive	 derivative	 and	 thus	 a	 decrease	 in	 in‐
stantaneous	frequency,	and	vice	versa	for	the	trailing	edge.	The	result	is	
a	nonlinear	frequency	chirp	across	the	pulse,	and	the	generation	of	new	
frequency	 components	 accumulating	 over	 the	 length	 of	 the	 fiber.	 The	
spectral	broadening	and	induced	nonlinear	frequency	chirp	can	be	visu‐
alized	by	numerically	solving	Eq.	(2.3.12)	with	ߚଶ ൌ 0.	The	result	is	plot‐
ted	 in	Figure	2.3.1	 for	 a	1	ps	Gaussian	pulse	 in	 terms	of	 the	nonlinear	
length,	defined	as:	
	
	 ܮே௅ ൌ 1ߛ ଴ܲ	 (2.3.15)		
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The	importance	of	XPM	in	SCG	will	be	 further	elaborated	on	 in	section	
2.3.6	on	the	discussion	of	soliton	dynamics.	
	
2.3.3 FOUR‐WAVE	MIXING	
In	 Eqs.	 (2.3.17)	 the	 remaining	 four	 terms	 from	 the	 expansion	 of	 eq.	
(2.3.16)	 was	 neglected,	 because	 they	 contained	 either	 combination	
terms	of	߱ଵ	and	߱ଶ	or	third	harmonic	terms.	These	terms	represent	so‐
called	 four‐wave	mixing	(FWM).	FWM	is	a	 third‐order	parametric	pro‐
cess	that	occurs	when	photons	from	one	or	more	waves	are	annihilated	
to	create	photons	at	new	frequencies,	while	conserving	 the	net	energy	
and	momentum	during	the	parametric	interaction	[33].	The	efficiency	of	
the	process	therefore	requires	both	frequency	and	wave	vector	match‐
ing	 between	 the	 interacting	 waves,	 also	 known	 as	 phase	 matching.	
There	 are	 basically	 two	 types	 of	 phase‐matched	 FWM,	where	 the	 first	
involves	three	photons	at	frequencies	߱ଵ,	߱ଶ,	and	߱ଷ	transferring	ener‐
gy	 to	 a	 fourth	photon	at	 the	 frequency	߱ସ ൌ ߱ଵ ൅ ߱ଶ ൅ ߱ଷ.	This	 is	 the	
case	of	THG	ሺ߱ଵ ൌ ߱ଶ ൌ ߱ଷሻ,	or	frequency	conversion	ሺ߱ଵ ൌ ߱ଶ ് ߱ଷሻ.	
However,	 in	 these	 processes	 it	 is	 difficult	 to	 achieve	 phase	 matching	
with	Δߚ ൌ ሺߚఠଵ ൅ ߚఠଶ ൅ ߚఠଷ െ ߚఠସሻ ൌ 0	due	to	dispersion	walk‐off.	The	
other	type	involves	the	simultaneous	annihilation	and	generation	of	two	
photons,	 such	 that	 ߱ଷ ൅ ߱ସ ൌ ߱ଵ ൅ ߱ଶ.	 For	 this	 process	 it	 is	 easier	 to	
satisfy	 the	 phase	 matching	 condition	 since	 now	 Δߚ ൌ ሺߚఠଷ ൅ ߚఠସ െ
ߚఠଵ െ ߚఠଶሻ ൌ 0		[33].	
The	 degenerate	 case	 of	 ߱ଵ ൌ ߱ଶ	 illustrated	 in	 Figure	 2.3.2	 is	 the	
most	 relevant	 for	 SCG,	 where	 a	 pump	 at	 ߱p	 creates	 two	 sidebands	 at	
frequencies	߱௦	(Stokes/signal)	and	߱௜	(anti‐Stokes/idler),	such	that	the	
Stokes	frequency‐shift	is	Ω௦ ൌ ߱௣ െ ߱௦ ൌ ߱௜ െ ߱௣.	This	degenerate	case	
can	also	be	used	for	parametric	amplification	by	providing	gain	to	a	sig‐
nal	at	߱௦	through	pumping	at	߱௣.	The	maximum	gain	of	the	parametric	
amplification	can	be	approximated	as	݃݉ܽݔ=2ߨ݊2ܲp/(ߣpܣ݂݂݁)	,	where	Pp	is	
the	pump	power,	and	λp	is	the	pump	wavelength	[33].	
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regime	due	to	the	substantially	different	waveguide	dispersion	of	differ‐
ent	 modes.	 In	 the	 anomalous	 dispersion	 regime	 Δߚ ൏ 0,	 and	 phase	
matching	 can	 thus	 be	 achieved,	 resulting	 in	 the	 formation	 of	 two	 gain	
lobes	on	each	side	of	the	pump	with	peak	gain	at	Δߚ ൌ െ2ߛ ௣ܲ.	The	par‐
ametric	process	 thus	 establishes	 a	 balance	 between	GVD	and	 the	Kerr	
effect,	which	 is	 identical	 to	 the	phenomenon	known	as	modulation	 in‐
stability,	which	is	treated	in	the	next	section.	
	
2.3.4 MODULATION	INSTABILITY	
Modulation	instability	(MI)	is	the	exponential	growth	of	a	perturbation	
to	the	waveform,	which	can	arise	from	e.g.	pump	noise	or	fiber	inhomo‐
geneities.	 MI	 can	 be	 thought	 of	 as	 a	 four‐wave	mixing	 process	 phase‐
matched	by	SPM,	which	leads	to	a	temporal	modulation	of	the	pulse.	In	
the	frequency	domain	Fourier	theory	dictates	that	the	temporal	modula‐
tion	results	in	the	generation	of	sidebands	at	the	modulation	frequency	
on	each	side	of	 the	pump.	 It	can	be	shown	from	adding	a	perturbation	
term	to	the	NLSE	that	such	a	perturbation	leads	to	a	perturbation	of	the	
wavenumber	(K)	and	frequency	ሺΩሻ	[33]:	
	
	 ܭ ൌ േ12 |ߚଶΩ|ඥΩଶ ൅ sgnሺβଶሻ4ߛ ଴ܲ/|ߚଶ|	 (2.3.21)		
If	βଶ ൏ 0	the	wavenumber	becomes	imaginary,	leading	to	an	exponential	
growth	of	the	perturbation	wave,	similar	to	what	was	found	in	the	anal‐
ysis	 of	 SPM‐phase‐matched	 FWM.	 Although	 there	 are	 special	 cases	
where	it	is	possible	to	observe	MI	in	the	normal	dispersion	regime,	it	is	
outside	the	scope	of	this	work.	The	peak	position	of	the	sidebands	and	
maximum	gain	is	given	by	[33]:	
	
	
Ω୫ୟ୶ ൌ േඨ2ߛ ଴ܲ|ߚଶ| , ݃௠௔௫ ൌ 2ߛ ଴ܲ	
(2.3.22)	
	
As	the	sidebands	grow	in	power	they	may	also	develop	sidebands	creat‐
ing	a	cascade	of	MI	peaks,	and	ultimately	MI	leads	to	the	total	break‐up	
of	 the	pulse	 into	a	 train	of	 short	 sub‐pulses	[33].	These	 sub‐pulses	are	
stable	 solutions	 known	 as	 solitons	 that	 balance	 the	 chirp	 of	 GVD	 and	
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lated	Raman	scattering	(SRS)	is	to	provide	distributed	amplification	to	a	
signal	 propagating	 in	 an	 optical	 fiber	 together	with	 a	high‐power	 con‐
tinuous‐wave	(CW)	Raman	pump	separated	in	frequency	by	the	Stokes	
shift.	 From	 the	 same	argument	 it	 is	apparent	 that	a	 sufficiently	broad‐
band	pulse	will	experience	self‐amplification	of	the	low‐frequency	com‐
ponents,	an	effect	known	as	intra‐pulse	Raman	scattering	(IPRS).	IPRS	is	
a	very	important	effect	in	SCG	which	can	lead	to	substantial	red‐shifting	
of	sub‐picosecond	pulses.	This	will	be	further	elaborated	in	Section	2.3.6	
on	solitons	and	dispersive	waves.	
SRS	is	a	߯ሺଷሻ	process,	thus	contributing	to	the	third‐order	induced	
nonlinear	 polarization	 through	 a	 delayed	 vibrational	 response.	 To	 in‐
clude	 the	 delayed	 response	 the	 causal,	 time‐dependent	 nature	 of	 the	
nonlinear	 induced	polarization	 from	Eq.	 (2.3.4)	must	be	 taken	 into	ac‐
count.	The	nonlinear	induced	polarization	then	takes	the	form:	
	
	 ࡼࡺࡸ ൌ ߳଴߯ሺଷሻࡱሺ࢘, ݐሻනܴሺݐ െ ݐᇱሻࡱଶሺ࢘, ݐᇱሻ݀ݐ′	 (2.3.23)	
	
In	 the	above	equation	ܴሺݐሻ	 is	 the	normalized	nonlinear‐response	 func‐
tion	 including	 both	 the	 effectively	 instantaneous	 electronic	 response,	
usually	modelled	 as	 a	 delta‐function	 ߜሺݐሻ,	 and	 the	 delayed	 vibrational	
response	݄ோሺݐሻ:	
	
	 ܴሺݐሻ ൌ ሺ1 െ ோ݂ሻߜሺݐ െ ݐ௘ሻ ൅ ோ݂݄ோሺݐሻ (2.3.24)		
Here	 ோ݂	is	the	fraction	of	the	Raman	response	to	the	total	response.	The	
delayed	 response	may	 be	 determined	 from	 the	 Raman‐gain	 spectrum,	
which	in	turn	is	related	to	the	imaginary	part	of	 the	Fourier	transform	
of	݄ோሺݐሻ.	
Figure	2.3.4	shows	an	example	of	 the	Raman	Stokes	shift	(equiva‐
lent	to	the	gain	spectrum)	observed	from	the	excitation	of	a	Ge10As22Se68	
glass	fiber	with	a	780	nm	laser,	which	is	just	beyond	the	electronic	reso‐
nance	band	[34].	
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2.3.6 SOLITONS	AND	DISPERSIVE	WAVES	
From	 Figure	 2.2.3(b)	 and	 Figure	 2.3.1(b)	 it	 may	 be	 apparent	 that	 the	
chirp	arising	from	GVD	and	SPM	can	be	made	to	cancel	each	other	if	the	
right	 values	 for	 ߚଶ	 and	 ଴ܲ	 peak	 power	 can	 be	 maintained	 so	 that	
ܮ஽ ൌ ܮே.	This	gives	rise	to	the	following	relation	[33]:	
	
	 ܰଶ ൌ ܮ஽ܮே௅ ൌ
ߛ ଴ܲ ଴ܶଶ
|ߚଶ| 	
(2.3.25)	
	
Where	N	 is	 the	 integer	 soliton	 number,	 which	 results	 in	N	 =	 1	 at	 the	
above	mentioned	balance	between	dispersion	and	nonlinearity,	known	
as	the	fundamental	soliton.	If	N<1	the	nonlinearity	from	ߛ ଴ܲ	is	too	weak,	
and	 the	 dispersion	 will	 enforce	 pulse	 broadening	 without	 soliton	 for‐
mation.	 If	 2>N>1	 the	 pulse	 propagating	 in	 the	 anomalous	 dispersion	
regime	will	 adjust	 its	 shape	with	 propagation	 in	 order	 to	 achieve	 this	
balance,	 and	 eventually	 evolve	 into	 a	 secant‐hyperbolic	 (sech)	 pulse,	
irrespective	of	the	input	pulse	shape.	As	a	result,	if	loss,	Raman,	and	TOD	
is	 neglected,	 the	 soliton	will	maintain	 its	 temporal	 and	 spectral	 shape	
throughout	propagation,	and	is	relatively	stable	against	small	perturba‐
tions.	 For	 N>2	 higher‐order	 solitons	 can	 be	 generated	 that	 does	 not	
maintain	its	shape,	but	rather	has	a	periodic	evolution	over	a	propaga‐
tion	 length	 known	as	 the	 soliton	period	 ݖ଴ ൌ ߨܮ஽/2.	The	higher‐order	
soliton	solution	corresponds	to	a	bound	state	superposition	of	N	funda‐
mental	 solitons	 that	 propagate	 together	 at	 the	 same	GV.	 The	 duration	
and	 peak	 power	 of	 these	 fundamental	 solitons	 is	 related	 to	 the	 input	
pulse	duration	 ଴ܶ	and	peak	power	 ଴ܲ	as	[33]:	
	
	
௞ܶ ൌ ଴ܶ2ܰ ൅ 1 െ 2݇ , ௞ܲ ൌ
ሺ2ܰ ൅ 1 െ 2݇ሻଶ
ܰଶ ଴ܲ	 (2.3.26)		
Where	k	is	an	integer	from	1	to	N.	The	first	ejected	solitons	is	therefore	
the	one	with	the	shortest	duration	and	highest	peak	power,	and	the	sub‐
sequent	will	each	in	turn	be	longer	and	weaker.	However,	the	degenera‐
cy	of	 the	bound	state	 is	 lifted	 in	 the	presence	of	asymmetric	perturba‐
tions,	such	as	TOD,	self‐steepening,	and	intra‐pulse	Raman.	If	we	accept	
that	the	N‐soliton	behaves	as	a	superposition	of	N	fundamental	solitons	
it	is	easy	to	understand	why	TOD	and	intra‐pulse	Raman	effects	are	like‐
ly	 to	 initiate	 soliton	 fission,	 because	 both	 effects	 force	 the	 solitons	 to	
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travel	at	different	GV.	As	a	result	 the	soliton	steady‐state	 is	perturbed,	
and	the	N‐order	soliton	is	split	up	into	N	fundamental	solitons	in	a	pro‐
cess	known	as	soliton	 fission	[45,46].	Soliton	 fission	 is	not	an	 instanta‐
neous	process,	but	rather	develops	over	a	 length	referred	to	as	the	fis‐
sion	length		[42]:	
	
	 ܮ୤୧ୱୱ ൌ ܮ஽/ܰ (2.3.27)		
From	Eq.	(2.3.26)	 it	 is	clear	that	solitons	with	very	short	duration	may	
be	generated,	and	for	durations	of	1	ps	or	shorter	the	spectral	width	of	
the	 soliton	 is	 broad	 enough	 that	 the	 high‐frequency	 components	 can	
amplify	the	low‐frequency	components	through	stimulated	Raman	scat‐
tering.	 This	 causes	 a	 continuous	 transfer	 of	 energy	 to	 longer	 wave‐
lengths,	causing	an	increasing	red‐shift	of	the	soliton	with	propagation.	
This	effect	is	known	as	soliton	self‐frequency	shifting	(SSFS),	and	is	the	
main	effect	in	combination	with	soliton	fission	that	causes	strong	spec‐
tral	 broadening	 towards	 longer	 wavelengths.	 The	 first	 ejected	 soliton	
will	experience	the	strongest	degree	of	SSFS	due	to	the	increased	peak	
power,	 and	 the	 following	 solitons	 will	 then	 experience	 a	 decreasing	
shift,	thus	forming	a	continuum	of	spectrally	separated	solitons.	
Another	consequence	of	higher‐order	dispersion	 is	 the	generation	
of	 so‐called	dispersive	waves	 (DW).	Due	 to	TOD,	 solitons	ejected	 from	
the	 fission	process	will	 transfer	part	 of	 their	 energy	 to	 a	narrow‐band	
resonance	 in	 the	normal	dispersion	regime	[42,45].	The	resonance	 fre‐
quency	can	be	calculated	from	a	phase‐matching	argument	involving	the	
soliton	 linear	and	nonlinear	phase,	and	 the	 linear	phase	of	a	quasi‐CW	
component	at	a	different	frequency.	For	a	soliton	of	peak	power	 ௦ܲ,	fre‐
quency	߱௦,	and	group	velocity	ݒ௚,௦	a	DW	is	generated	at	 the	 frequency	
߱஽ௐ	according	to	[42]:	
	
	 ߚሺ߱௦ሻ െ ߱ௌݒ௚,௦ ൅ ሺ1 െ ோ݂ሻߛ ௦ܲ ൌ ߚሺ߱஽ௐሻ െ ߱஽ௐ/ݒ௚,௦	 (2.3.28)	
	
The	frequency	shift	Ω ൌ ߱௦ െ ߱஽ௐ	between	soliton	and	DW	can	be	ap‐
proximated	if	fourth‐order	dispersion	is	neglected	[33]:	
	
	 Ω ൎ െ3βଶߚଷ ൅
ߛ ௦ܲߚଷ
3ߚଶଶ 	 (2.3.29)	
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For	 solitons	 propagating	 in	 a	 region	 of	 positive	 dispersion	 slope	
(ߚଷ ൐ 0),	 the	 frequency	 shift	 is	 positive,	meaning	 that	 the	 DW	will	 be	
generated	in	the	normal	dispersion	regime	at	shorter	wavelengths.	If	on	
the	other	hand	the	dispersion	slope	is	negative	(ߚଷ ൏ 0),	the	soliton	ap‐
proaches	 the	 normal	 dispersion	 regime	 on	 the	 long‐wavelength	 side,	
and	 subsequently	 DW	 generation	 will	 occur	 for	 longer	 wavelengths.	
Interesting	dynamics	occur	in	the	limit	where	SSFS	has	shifted	the	soli‐
tons	close	to	the	ZDW,	however,	this	will	be	elaborated	in	Section	4.5.3	
on	cascaded	SCG.	
Lastly,	the	generated	DWs	will	initially	overlap	with	the	solitons	in	
time,	 allowing	 for	 interaction	 through	XPM	and	FWM	 to	generate	 new	
spectral	 components,	 but	 it	 may	 also	 lead	 to	 a	 soliton‐like	 two‐
frequency	 soliton‐DW	 state.	 Specifically,	 the	 Kerr	 and	 Raman	 effects	
may	together	with	a	varying	local	GVD	lead	to	a	localized	non‐dispersive	
trapped	 state	 of	 the	DWs,	 in	which	 they	 continuously	 blue‐shift	 in	 re‐
sponse	 to	 the	 red‐shifting	 solitons	[47].	 This	 mechanism	 may	 be	 ex‐
plained	by	the	soliton	imposing	a	potential	on	the	DW	which	is	trapped	
on	 one	 side	 by	 the	 nonlinear	 refractive‐index	 change	 induced	 by	 the	
intense	solitons,	and	on	the	other	side	by	a	 linear	potential	originating	
from	the	 fact	 that	 the	soliton	moves	with	acceleration	(changing	GVD).	
As	the	soliton	changes	its	GV	during	the	red‐shift,	the	trapped	DW	blue‐
shifts	 in	order	 to	maintain	 its	GV,	 and	 the	 two	are	 then	said	 to	be	GV‐
matched.	However,	the	trapping	potential	imposed	by	the	soliton	is	not	
infinite,	and	thus	the	DWs	inevitably	leak	radiation	as	they	shift	and	may	
completely	dissociate	from	the	soliton.	
Modelling	of	these	higher‐order	effects	requires	a	generalized	form	
of	the	NLSE,	which	will	be	briefly	presented	in	the	following	section.	
	
2.4 THE	GENERALIZED	NLSE	
A	more	 accurate	model	 than	 the	NLSE	presented	 in	Eq.	 (2.3.12)	 is	 the	
generalized	NLSE	(GNLSE),	which	includes	the	vibrational	contribution	
to	 the	 nonlinear	 induced	 polarization	 through	 the	 delayed	 response	
function	ܴሺݐሻ,	self‐steepening	through	the	ሺ݅/߱଴ሻ߲/߲ܶ	term,	and	higher‐
order	dispersion	terms	[33]:	
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(2.4.1)	
	
Inclusion	of	 these	 terms	 is	needed	 to	explain	 the	highly	complex	spec‐
tral‐temporal	evolution	of	SCG.	Details	about	the	implementation	of	the	
GNLSE	used	in	this	work	are	given	in	Section	4.2.3. 
 
 
	 	
	
38	 Theory	of	Light‐Matter	Interaction
  
	
	
5	
	
 Chapter	
Mid‐Infrared	Optical	
Fibers	and	Waveguides 
	
	
“We	are	stuck	with	technology	when	what	we	really	want		
is	just	stuff	that	works.”	
―	Douglas	Adams,	The	Salmon	of	Doubt	
	
	
any	applications	in	sensing	[48],	near‐field	spectroscopy	[49],	
endoscopy	 	[50],	 and	 imaging	[51–53]	 requires	 the	 delivery	
and	collection	of	light	over	several	tens	of	centimeters	or	even	
meters	between	the	light	source,	point	of	interest,	and	detection	system,	
which	necessitates	 the	use	of	optical	 fibers	with	 low	 transmission	 loss	
over	the	signal	bandwidth.	Furthermore,	nonlinear	applications	such	as	
all‐optical	 signal	 processing	 and	 supercontinuum	 generation	 requires	
specific	tailored	properties	of	the	waveguides,	such	as	dispersion,	non‐
linear	coefficient,	and	numerical	aperture	(NA)	[42,54].	For	this	reason,	
the	 pursuit	 of	 suitable	 host	 materials	 and	 waveguide	 designs	 for	 the	
mid‐IR	spectral	region	has	intensified	in	recent	years.	This	chapter	pro‐
vides	a	brief	introduction	to	materials	and	designs	used	for	mid‐IR	opti‐
cal	fibers	and	waveguides.	
	
	 	
M	
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3.1 MID‐INFRARED	MATERIALS	AND	OPTICAL	FIBERS	
Optical	 fibers	 are	 usually	 drawn	 from	 glasses,	 which	 defines	 a	 wide	
range	of	 amorphous	 solids	 that	 exhibit	 a	 glass	 transition	when	heated	
towards	a	liquid	state,	and	so	they	are	intrinsically	isotropic	and	can	be	
drawn	over	a	wide	temperature	range		[55,56].	Applications	in	the	visi‐
ble	 and	 near‐IR	 has	 benefited	 from	 the	 low	 loss	 of	 fused	 silica	 ሺSiOଶሻ	
glass	optical	 fibers,	 but	due	 to	phonon	absorption	 from	overtones	and	
combination	bands	of	Si‐O‐Si	and	O‐H	resonances,	transmission	in	prac‐
tical	lengths	of	silica	fiber	is	limited	to	below	2.4	μm,	even	in	high‐purity	
fibers	with	 low	O‐H	content	 	[57,58].	 In	 general	 to	extend	 the	 infrared	
transmission	of	glasses	heavier	atoms	with	 lower	phonon	energies	are	
required.	Fluoride	glasses,	such	as	ZrF4‐BaF2‐LaF3‐AlF3‐NaF	(ZBLAN),	
can	transmit	light	from	0.2‐8	μm,	but	are	still	limited	to	below	4.75	μm	
in	practical	 lengths	of	 fiber	[59–63].	Chalcogenide	glasses,	on	the	other	
hand,	have	been	shown	to	transmit	light	out	to	25	µm	and	furthermore	
possess	strong	optical	nonlinearities	up	to	several	hundred	times	great‐
er	 than	 that	of	 silica,	making	 them	promising	candidates	 for	mid‐IR	 fi‐
bers	 for	SCG	 	[54,55,64–66].	Chalcogenide	glasses	contain	one	or	more	
of	the	chalcogen	elements	S,	Se,	and	Te,	in	a	glass	matrix	with	structural	
elements	 like	 Ge,	 As,	 Ga,	 and	 Sb	 	[56].	 The	 properties	 of	 the	 glass	 can	
thus	be	engineered	by	changing	the	ratio	of	 its	constituent	elements.	A	
list	 of	 properties	 of	 some	 common	 chalcogenide	materials	 relevant	 to	
this	study	is	listed	in	Table	1.	
Besides	the	broad	transmission	bandwidth	and	high	nonlinear	co‐
efficient	 Table	 1	 shows	 another	 remarkable	 property	 of	 chalcogenide	
glasses,	namely	their	low	glass	transition	temperature	ሺ ௚ܶሻ.	The	implica‐
tion	 of	 having	 ௚ܶ<200°C	 is	 that	 it	 allows	 for	 various	 processing	 of	 the	
glass	at	practical	 temperatures,	such	as	hot	embossing	of	structures	or	
waveguides,	but	it	also	makes	the	glasses	vulnerable	to	thermal	effects,	
such	 as	 thermal	 optical	 damage	[67],	 crystallization,	 oxidation	 and	hy‐
drolysis	[68,69].	Hot	embossing	of	chalcogenide	waveguides	 from	thin‐
film	 substrates	 has	 been	 demonstrated	 in	 AsଶSeଷAs2Se3	 on	
Geଵ଻Asଵ଼Se଺ହ	substrate,	where	the	~50°C	higher	 ௚ܶ	of	the	substrate	al‐
lowed	 for	 shaping	 of	 the	 waveguide	 without	 deforming	 the	
substrate	[70].	 Hot	 imprinting	 of	 sub‐wavelength	 structures	 has	 also	
been	 demonstrated	 to	 improve	 the	 damage	 threshold	 and	 reduce	 the	
Fresnel	losses	caused	by	the	high	refractive	index	of	chalcogenide	glass‐
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es	[71–76].	The	latter	is	especially	useful	since	e.g.	a	refractive	index	of	
2.82	of	Asସ଴Se଺଴	 leads	to	~23	%	Fresnel	reflection	at	each	air‐glass	 in‐
terface.	 Imprinting	 of	 chalcogenide	 glasses	 and	 fibers	 will	 be	 further	
elaborated	in	section	3.5.		
	
3.2 OPTICAL	FIBER	DESIGN	
The	broad	transmission	bandwidth	and	high	nonlinear	index	of	chalco‐
genide	glasses	enables	the	use	of	very	short	segments	of	fiber	in	broad‐
band	SCG,	which	allows	for	a	small	 foot‐print	and	significantly	reduces	
Glass	 n	 ࢔૛
(૚૙ି૛૙ܕ૛܅ି૚)	
ࢀࢍ
(°۱)	
ZDW
(μm)	
TBW	
(μm)	
Silica	 1.45	[59] 2.7 [59] 1215 [55]
~1200	[59]
1.26 [55,5
9]
0.3‐3.5	[55]
0.24‐3	[59]
ZBLAN	 1.49	[55]
1.48‐1.53
	[59]
2.55 [59]
2.1	[77]
260 [55]
230‐300
	[59]
1.71 [55]
1.62	[59]
0.3‐7.5	[55]
0.3‐8	[59]
As40S60	 2.5	[55]
2.42g		[59,6
4]
400‐600 [64]
540	[55]
300	[59]
187 [55]
185	[59,64]
215	[56]
4.81 [55]
~5	[59]
0.6‐12.0	[55]
0.8‐7	[59]
0.6‐9.5	[64]
As40Se60	 2.82	[34,37]
2.83	[59]
2.9	[55]
489.3a [37]
1620	[55]
1400‐
3000	[64]
1500	[59]
178 [64]
185	[70]
180	[78]
7.4 [34,37]
7.2	[59]
1.0‐15.0	[55]
1‐10	[59]
0.85‐17.5	[64]
As38Se62	 2.81e 1100e 165 [68] ‐‐ ‐‐
Te20As30Se50 2.9	[64]
~2.98	[79]
>2000 [64]
1898	[56]
137 [79]
140	[64]
>7.5 [55] 1.5‐12+	[79]
1.23‐
18.52	[64]
Ge10As23.4Se6
6.6	
2.62	[34,37] ‐‐ 180 [78] 7.0 [34] 2‐16c		[67]
1.3‐10+	[68]
Ge10As22Se68 2.62e
2.62b		[68]
880e 180 [68] ‐‐ 1.3‐10+	[68]
GaLaS	 2.38		[80]
2.41d		[81]
216d [81] 560 [81] 3.61 [80] 0.5‐10	[80,81]
Table	1:	Comparison	of	bulk	material	properties	of	different	glasses	used	for	mid‐
IR	 fibers	and	waveguides	 (TBW:	Transmission	bandwidth).	Parameters	are	meas‐
ured	 at	 1.55μm	 if	 not	 stated	 otherwise.	 (a)	 Calculated	 for	 6.3	 μm,	 (b)	 for	
Ge10As22Se68	glass,	(c)	for	Ge12As24Se64	glass,	(d)	Measured	at	1.52	μm,	(e)	data	
from	manufacturer	(Selenoptics),	(f)	Ge10As20Se70	glass,	(g)	Measured	at	3	μm.	
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9	3.3 ‐ Waveguide	dispersion	measurements	
enables	 relatively	 high	 NA,	 while	 improving	 the	 thermal	 dissipation	
from	the	core	compared	to	the	suspended‐core.	
Tapering	has	also	been	employed	extensively	in	relation	to	chalco‐
genide	 fibers	 to	 obtain	 a	 shorter	 ZDW	 below	 2	μm	 for	 pumping	with	
standard	 1.55	μm	or	 2	μm	 laser	 sources	 	[89–93].	While	 tapering	 can	
effectively	 lower	 the	ZDW,	 it	may	 also	have	 adverse	 effects	 on	 SCG	by	
steepening	 the	 dispersion	 curve,	 and	 possibly	 creating	 a	 second	
ZDW	[85,89,90,94,95].	 The	 latter,	 as	will	 be	 explained	 in	 Section	4.5.3,	
effectively	limits	spectral	broadening	and	is	thus	in	most	cases	undesir‐
able.	 For	 this	 reason	 it	 is	 important	 to	 verify	 the	 dispersion	 of	 wave‐
guides	 for	 SCG.	 In	 many	 cases	 the	 dispersion	 can	 be	 calculated	 using	
numerical	modelling	based	on	 the	 fiber	geometry	and	Sellmeier	coeffi‐
cients	for	the	refractive	index.	However,	often	there	is	no	refractive	in‐
dex	data	for	the	specific	glass,	and	the	exact	compositional	stoichiome‐
try	and	geometry	of	novel	glasses	may	be	difficult	 to	control,	so	 it	was	
vital	to	our	activities	that	we	were	able	to	measure	the	dispersion	of	the	
actual	 drawn	 fibers.	 The	 following	 section	 presents	 our	 work	 with	
measuring	and	calculating	the	dispersion	of	fibers	and	waveguides.	
	
3.3 WAVEGUIDE	DISPERSION	MEASUREMENTS	
There	 are	many	 techniques	 for	measuring	 the	 refractive	 index	 of	 bulk	
materials,	 such	 as	 ellipsometry,	 refractometry,	 and	 phase‐contrast	mi‐
croscopy.	It	has	long	been	standard	approach	to	measure	the	refractive	
index	of	bulk	glasses,	and	then	use	these	values	to	calculate	the	disper‐
sion	of	fibers	and	waveguides,	but	one	possible	issue	with	surface	tech‐
niques,	 such	as	ellipsometry,	 is	 that	even	high	quality	polished	glasses	
have	a	 top	 layer	of	oxidized	glass,	which	could	 lead	 to	 faulty	measure‐
ments.	In	any	case	it	is	of	great	interest	to	be	able	to	measure	not	only	
bulk	glasses,	but	also	waveguides,	which	may	be	achieved	using	white‐
light	interferometry.	The	experimental	setup	we	adopted	for	measuring	
the	dispersion	is	shown	in	Figure	3.3.1,	and	comprises	a	broadband	mid‐
IR	 SC	 source	 from	 NKT	 Photonics	 (~1.3‐4.5	 μm),	 a	 balanced	 Mach‐
Zehnder	 free‐space	 interferometer,	 and	 a	 fiber‐coupled	 scanning	 spec‐
trometer	(0.4‐5.0	μm).	
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11	3.3 ‐ Waveguide	dispersion	measurements	
And	by	combining	eqs.	(3.3.1),	(3.3.3),	and	(3.3.4)	the	following	expres‐
sion	is	given:	
	
	 ܽଵߣିହ ൅ ܽଶߣିଷ ൅ ܽଷߣିଵ ൅ ܽସߣ ൅ ܽହߣଷ ൌ ݉	 (3.3.5)		
where	ܽଵ ൌ െܣଵݖ, ܽଶ ൌ െܣଶݖ, ܽଷ ൌ ܮ െ ݈ െ ܣଷݖ, and	ܽସ ൌ െܣସݖ.	By	least	
squares	fitting	of	eq.	(3.3.5)	with	the	wavelength	dependence	of	the	in‐
terference	 maxima,	 the	 dispersion	 can	 be	 evaluated	 from	 the	 rela‐
tion		[98]:	
	
	 ܦሺߣሻ ൌ 1ܿ ሺെ20ܣଵߣ
ିହ െ 6ܣଶߣିଷ െ 2ܣସߣ െ 12ܣହߣଷሻ	 (3.3.6)	
	
Thus,	using	this	technique	one	needs	simply	record	a	single	the	interfer‐
ence	 spectrum	 and	measure	 the	 length	 of	 the	 sample	 to	 calculate	 the	
dispersion.	 The	 benefit	 of	 this	 method	 is	 dense	 wavelength	 sampling,	
and	measurement	 speed.	 The	 accuracy	 of	 this	 technique	 evidently	 de‐
pends	on	the	quality	of	the	fit,	which	is	affected	by	the	number	of	visible	
fringes	and	the	shape	of	 the	phase	function.	The	accuracy	also	deterio‐
rates	 towards	 the	boundaries	of	 the	 fit	due	 to	 increasing	 shape	uncer‐
tainty	and	limitations	of	the	fit.	This	uncertainty	can	to	some	degree	be	
mitigated	by	averaging	over	multiple	measurements	with	different	ߣ௘௤,	
each	of	which	should	result	in	a	slightly	different	shape	near	the	ends	of	
the	 dispersion	 curve,	 thus	 providing	 a	 gauge	 of	 the	 uncertainty	 and	 a	
most	probable	mean	value.	
	
3.3.1 EXPERIMENTAL	RESULTS	
As	outlined	in	Figure	3.3.1	light	was	coupled	to	and	collimated	from	the	
waveguides	 by	 aspheric	 lenses,	 and	 the	 two	 interfering	 beams	 were	
collected	using	a	single‐mode	ZBLAN	optical	fiber.	To	avoid	contribution	
to	the	measured	dispersion	from	the	optics,	the	interferometer	was	bal‐
anced	 by	 placing	 the	 same	 two	 aspheric	 lenses	 in	 the	 reference	 beam	
path,	 and	 by	 having	 each	 beam	 transmitted	 and	 reflected	 the	 same	
number	of	times	from	the	beam	splitters.	Proper	guiding	was	verified	by	
a	PbSe	focal	plane	array	camera	and	the	transmission	was	optimized	by	
rotating	the	polarizer	before	the	first	beam	splitter.	
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Figure	 3.3.2	 shows	 a	 typical	 interference	 spectrum	 obtained	 by	
placing	a	step‐index	ZBLAN	fiber	in	the	sample	arm,	and	then	changing	
ߣୣ୯	by	moving	the	reference	mirror.	The	movement	of	ߣୣ୯	with	respect	
to	 mirror	 displacement	 can	 be	 used	 to	 obtain	 the	 sign	 of	 the	
dispersion	[99].	Several	such	ZBLAN	fibers	with	varying	core	diameters	
were	tested,	and	the	results	are	summarized	in	Table	2	and	Figure	3.3.3.	
	
	
	
	
Figure	3.3.2:	(Top)	Typical	spectrum	of	the	reference	arm,	sample	arm,	and	the	
interference	spectrum	from	the	combination	of	the	two.	(Bottom)	Normalized	in‐
terference	spectra	for	four	different	positions	of	the	reference	arm	mirror	show‐
ing	the	movement	of	ߣ௘௤	and	corresponding	change	of	the	modulation	frequency.	
The	spectral	feature	at	4.2	μm	is	due	to	CO2	absorption	in	the	air.	
	
	
13	3.3 ‐ Waveguide	dispersion	measurements	
Fiber	 ۲܋ܗܚ܍  ± NA ± 2nd	ZDW 
ZBLAN	A 6  0.3 0.265 0.01 all‐normal 
ZBLAN	B 6.4  0.1 0.265 0.01 3.57 
ZBLAN	C  6.5  0.1 0.265 0.01 3.97 
ZBLAN	D 6.7  0.2 0.265 0.01 4.13 
ZBLAN	E 6.8  0.2 0.265 0.01 4.50 
ZBLAN	F	 6.9	 0.7 0.265 0.01 4.43	
ZBLAN	G 6.9	 0.7 0.265 0.01 4.61	
Table	2:	 ZBLAN	 fiber	 geometric	 parameters	 including	 specified	 deviations	 (±)	
and	measured	2nd	ZDW.	The	results	show	a	steady	increase	in	ZDW	with	core	di‐
ameter,	as	expected.	
	
	
Figure	3.3.3:	Dispersion	curves	for	the	ZBLAN	fibers	listed	in	Table	2,	taken	over	
an	average	of	3‐6	dispersion	measurements	on	each	fiber.	
	
	
It	can	be	seen	from	Figure	3.3.3	that	all	the	fibers,	with	the	exception	of	
ZBLAN	A,	was	found	to	exhibit	a	second	ZDW,	which	increased	steadily	
with	the	core	diameter.	This	was	the	first	time	a	2nd	ZDW	was	measured	
in	step‐index	ZBLAN	fibers,	and	interestingly	it	was	in	direct	contradic‐
tion	to	the	calculated	dispersion	profiles	based	on	Sellmeier	coefficients	
from	Gan	et	al.	[100].	Figure	3.3.4(b)	taken	from	ref.	[94]	by	I.	Kubat	et	
al.	 shows	 that	 based	 on	 the	 Sellmeier	 coefficients	 from	 Gan	 and	
NA=0.265,	there	should	not	be	a	2nd	ZDW	for	a	core	diameter	above	5.83	
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μm,	and	that	the	fiber	should	become	all‐normal	below	a	core	diameter	
of	5.77 μm.	However,	the	experimental	results	show	clearly	a	2nd	ZDW	in	
all	 cases,	except	 for	 the	all‐normal	case	with	6	μm	core	diameter.	This	
result	emphasizes	the	importance	of	measuring	the	actual	dispersion	of	
fibers.	The	reason	for	this	discrepancy	is	accredited	to	the	complexity	of	
the	 ZBLAN	 glass	matrix,	 which	means	 that	 even	 slight	 changes	 to	 the	
glass	composition	affects	the	refractive	 index,	and	thus	NA	and	disper‐
sion.	The	impact	of	the	2nd	ZDW	in	SCG	is	further	elaborated	in	Section	
4.5.3	on	cascaded	SCG.	
	
	
Figure	3.3.4:	(Figure	by	Kubat	et	al.		[94])	Dispersion	of	ZBLAN	fibers	modelled	
using	 Sellmeier	 coefficients	 based	 on	 the	
ሺZrFସሻହଷሺBaFଶሻଶ଴ሺLaFଶሻସሺAlFଷሻଷሺNaFሻଶ଴	 glass	 matrix,	 where	 the	 subscript	 de‐notes	%	mol.	mass.	(a)	Dispersion	for	a	fiber	with	NA=0.30	and	Dୡ	between	3	and	7	μm.	(b)	Zero	dispersion	wavelength	λZDW	for	NA	between	0.20	and	0.30	and	
Dୡ	between	4.5	and	7	μm.		
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3.4 ULTRAFAST	LASER	INSCRIBED	WAVEGUIDES	
(Based	on	journal	paper	[I],	Ref.	[80])	
	
An	alternative	to	thermal	drawing,	hot	embossing	and	vapor	deposition	
methods	 for	waveguide	 fabrication	 is	 to	 directly	 inscribe	 a	waveguide	
into	a	bulk	glass	sample	using	a	 technique	known	as	ultrafast	 laser	 in‐
scription	(ULI).	ULI	is	a	powerful	technique	that	relies	on	the	nonlinear	
interaction	of	sub‐bandgap	photons	with	a	transparent	dielectric	mate‐
rial	to	induce	a	permanent	increase	in	refractive	index,	thus	enabling	the	
confinement	and	guiding	of	light	[101].	The	inscription	process	involves	
the	use	of	ultrashort	pulses	focused	within	a	bulk	substrate	to	generate	
very	 high	 intensities	 at	 the	 focal	 region,	 thus	 leading	 to	 multiphoton	
absorption	 and	 ionization	 effects	[102].	 As	 a	 consequence	 the	 index	
modification	 is	 highly	 localized	 to	 the	 focal	 region,	 which	 means	 that	
three	dimensional	structures	can	be	inscribed	by	translating	the	sample	
in	 x,y,z‐directions.	 However,	 due	 to	 the	 complex	 nonlinear	 spatio‐
temporal	 light‐matter	 interaction,	 the	 geometrical	 distribution	 of	 the	
index	modification	is	difficult	to	control,	and	the	dependence	of	the	re‐
fractive	index	profile	with	writing	parameters,	such	as	scan	speed,	num‐
ber	of	repeated	scans,	beam	power	and	focusing,	is	not	well	understood.	
For	this	reason	the	index	modification	and	dispersion	was	characterized	
for	a	series	of	gallium	lanthanum	sulphide	(GLS)	waveguides	fabricated	
at	 Heriot‐Watt	 University.	 The	 waveguides	 were	 fabricated	 using	 a	
mode‐locked	ytterbium	(Yb)	doped	 fiber	 laser	delivering	360	 fs	pulses	
with	a	central	wavelength	of	1.045	μm	and	repetition	rate	of	500	kHz.	
The	 substrates	were	mounted	 on	 air	 bearing	 Aerotech	 stages	 and	 the	
beam	was	focused	inside	the	substrates	to	a	depth	of	240	μm	from	the	
top	surface	using	either	0.4	NA	or	0.6	NA	aspheric	lenses.	The	pulse	en‐
ergies	incident	on	the	sample	varied	from	52	to	110	nJ	and	four	different	
translation	speeds	of	1,	4,	8,	and	12	mm/s	was	used	with	the	substrates	
being	moved	perpendicular	to	the	laser	beam	direction.	The	multi‐scan	
inscription	 technique	 was	 used	 yielding	 waveguides	 with	 rectangular	
cross‐sections.	After	 fabrication	the	 input	and	output	facets	of	the	sub‐
strates	were	polished	to	optical	quality.	
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17	3.4 ‐ Ultrafast	laser	inscribed	waveguides	
The	waveguides	were	inscribed	with	a	pulse	energy	of	72	nJ	and	a	
sample	translation	speed	of	12mm/s	using	a	0.6	NA	aspheric	lens.	Each	
waveguide	was	fabricated	with	a	different	number	of	scans	thus	yielding	
waveguides	 of	 different	 sizes	 with	 waveguide	 1	 having	 the	 smallest	
cross‐section	and	waveguide	5	having	 the	 largest	 cross‐section.	Wave‐
guide	1	was	measured	to	have	a	width	of	about	4	μm	and	every	subse‐
quent	waveguide	was	0.66	μm	wider	than	the	previous	one	so	that	the	
widest	waveguide	had	a	width	of	about	6.6	μm.	The	height	was	the	same	
for	all	waveguides,	about	18	μm.	Figure	3.4.2(b)	presents	the	maximum	
index	modification	of	 the	 five	waveguides	using	a	different	 translation	
speed	 of	 4	 and	 8	mm/s,	which	 shows	 the	 increase	 in	 refractive	 index	
modification	due	to	the	longer	exposure	time.	
The	 confinement	 properties	 of	 the	 fabricated	waveguides	was	 in‐
vestigated	 by	 importing	 the	 measured	 x‐axis	 refractive	 index	 profiles	
into	 the	commercially	available	COMSOL	Multiphysics	 software.	Figure	
3.4.3(a)	 shows	 the	 imported	 refractive	 index	 profile	 of	 waveguide	 3	
from	 Figure	 3.4.2(a).	 The	 inset	 shows	 the	 waveguide	 model	 cross‐
section,	which	assumes	no	y‐axis	variation	in	the	refractive	index	since	
this	data	was	not	available.	Figure	3.4.3(b)	shows	the	calculated	normal‐
ized	electric	field	profile	of	the	fundamental	mode	at	1.55	μm	[48].		
 
     
	
Figure	3.4.3:	(a)	Measured	refractive	index	profile	along	the	x‐axis	of	waveguide	
3,	and	the	inset	shows	the	modelled	2D	cross‐section	of	the	waveguide	imported	
into	Comsol.	(b)	Calculated	mode	profile	of	the	fundamental	mode	at	1.55	μm	for	
the	imported	waveguide	geometry.	
	
It	is	interesting	to	note	that	the	obtained	electric	field	profile	is	to	a	good	
approximation	symmetric	despite	the	asymmetric	 index	distribution	of	
the	waveguide.	This	is	due	to	the	fact	that	at	1.55	μm	the	effective	index	
50µm 
(a) (b)
y 
x
16µm
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of	the	fundamental	mode	is	neff	~	2.3764,	which	is	well	confined	to	the	
symmetric	 region	 of	 the	waveguide.	 However,	 at	 shorter	wavelengths,	
we	could	observe	asymmetry	in	the	electric	field	profile.	The	numerical	
modelling	was	in	very	good	qualitative	agreement	with	the	imaged	near	
field	profile	of	the	waveguide	shown	in	Figure	3.4.1(b).	The	experimen‐
tally	measured	1/݁ଶ	mode	field	diameters	for	the	waveguide	were	found	
to	be	10.98	±	1.15	μm	 in	 the	x‐axis	 and	17.68	±	2	μm	 in	 the	y‐axis,	 as	
seen	 in	 Figure	 3.4.1(c),	 which	 is	 also	 in	 very	 good	 quantitative	 agree‐
ment	 with	 the	 theoretically	 simulated	 MFDs,	 thereby	 supporting	 the	
validity	of	the	refractive	index	profiles.	
The	weaker	refractive	index	modification	of	waveguide	1	also	man‐
ifested	 in	 the	 transmission	 spectrum.	 Figure	 3.4.4	 shows	 the	 output	
spectra	 obtained	 by	 launching	 the	 NKT	 ZBLAN	 SC	 source	 into	 wave‐
guides	1,	2,	and	3,	which	clearly	shows	that	waveguide	1	exhibits	very	
poor	 long‐wavelength	 transmission.	 It	 should	 be	 noted	 that	 the	wave‐
guide	also	 show	a	 lower	baseline	 transmission	at	 shorter	wavelengths	
due	 to	 reduced	coupling	 to	 the	smaller	core,	but	 still	 the	effect	of	 con‐
finement	loss	is	clear.	
	
	
Figure	3.4.4:	Output	spectrum	of	the	NKT	ZBLAN	SC	source	launched	into	wave‐
guides	1	 to	3,	which	were	 inscribed	with	 the	 same	 inscription	parameters,	but	
with	increasing	widths	of	around	3,	5,	and	7	μm,	respectively.	The	high	confine‐
ment	losses	of	waveguide	1,	which	is	assumed	to	be	due	to	a	lower	index	modifi‐
cation,	is	clearly	seen	from	the	poor	long‐wavelength	transmission.	
	
The	dispersion	of	the	bulk	GLS	and	inscribed	waveguides	was	also	
measured	using	 the	 technique	described	 in	 section	3.3.	Figure	3.4.5(a)	
shows	the	measured	dispersion	of	the	bulk	glass	substrate	compared	to	
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the	dispersion	of	 two	waveguides	with	 the	same	dimensions	but	 fabri‐
cated	using	different	NA	inscription	lenses	[80].		
	
	
Figure	3.4.5:	 (a)	Comparison	of	 the	measured	dispersion	of	 the	bulk	glass	and	
two	waveguides	of	 identical	dimensions	but	 fabricated	using	different	 focusing	
lens	NA	and	different	pulse	energy.	(b)	Zoomed‐in	view	of	the	dispersion	around	
the	ZDW	of	the	bulk	glass	and	seven	waveguides	inscribed	with	the	same	param‐
eters	but	having	increasing	cross‐sections	with	waveguide	1	having	the	smallest	
cross	section	and	waveguide	7	having	the	largest	one.	
	
For	the	waveguide	inscribed	with	the	0.4	NA	aspheric	lens	a	pulse	ener‐
gy	of	64	nJ	and	sample	translation	speed	of	12mm/s	was	used,	while	for	
the	waveguide	inscribed	with	the	0.6	NA	aspheric	lens	the	pulse	energy	
was	110	nJ	and	sample	translation	speed	12mm/s.	From	Figure	3.4.5(a)	
it	is	seen	that	the	dispersion	of	the	waveguides	is	very	similar	to	that	of	
the	bulk	glass,	with	negligible	impact	from	changing	the	inscription	pa‐
rameters,	 such	as,	 the	NA	of	 the	 inscription	 lens	and	 the	pulse	energy.	
Figure	 3.4.5(b)	 shows	 a	 zoomed‐in	 view	 of	 the	 measured	 dispersion	
near	the	ZDW	region	of	seven	different	waveguides,	which	all,	except	for	
waveguide	1,	 are	 seen	 to	 have	 almost	 identical	 dispersion	 curves.	 The	
waveguides	were	 inscribed	with	a	pulse	energy	of	110nJ	and	a	sample	
translation	speed	of	12mm/s	using	a	0.6	NA	aspheric	lens,	but	they	were	
chosen	to	have	increasing	widths	with	waveguide	1	being	the	narrowest	
and	waveguide	7	being	the	widest.	Waveguide	1	was	measured	to	have	a	
width	 of	 about	 3	 μm	 and	 every	 subsequent	 waveguide	 was	 1.98	 μm	
wider	than	the	previous	one	so	that	the	widest	waveguide	had	a	width	
of	about	15	μm.	The	height	was	the	same	 for	all	waveguides,	about	18	
μm.	The	bulk	glass	ZDW	was	 identified	 to	be	 around	3.61	μm,	 and	 for	
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waveguide	1	the	ZDW	was	at	3.55	μm,	whereas	the	other	six	waveguides	
had	a	measured	ZDW	between	3.66	and	3.71	μm.	The	divergence	of	the	
dispersion	 curves	 at	 the	 long‐wavelength	 edge	 of	 the	 spectrum	 is	 as‐
sumed	to	be	primarily	due	to	the	limitations	of	the	fit	over	a	broad	spec‐
tral	range.	The	discrepancy	between	the	ZDW	of	waveguide	1	and	wave‐
guides	2‐7	verifies	the	measured	weak	index	modification	of	waveguide	
1	and	the	observed	high	confinement	losses.	Modelling	revealed	that	the	
waveguide	dispersion	 is	 indeed	very	 small	 (1.77	ps	nmିଵ1	at	2.5	μm),	
hence	the	total	dispersion	in	the	waveguides	will	be	dominated	by	ma‐
terial	dispersion,	which	is	in	agreement	with	the	experimental	observa‐
tions.	
In	 conclusion,	 these	waveguides	may	 have	 potential	 for	 compact,	
tailored	devices,	such	as	couplers,	circuits,	switches	or	wavelength	con‐
verters,	 but	 they	 are	 currently	 limited	 in	 transmission	up	 to	 around	5	
μm	due	 to	 a	weak	 index	modification	 and	hence	not	 suitable	 for	 long‐
waver	mid‐IR	SCG.	It	is	expected	that	further	optimization	of	inscription	
parameters	 and	 possibly	 new	 substrates	 will	 enable	 waveguides	 with	
better	confinement.	
 
3.5 END‐FACET	NANOIMPRINT	LITHOGRAPHY	
As	 mentioned	 in	 the	 discussion	 of	 chalcogenide	 glass	 properties,	 the	
high	refractive	index	result	in	a	significant	part	of	the	incident	light	be‐
ing	reflected	at	the	air‐glass	interface.	The	reflectance	is	calculated	from	
the	Fresnel	equations,	and	for	normal	incidence	it	reduces	to	[39]:	
	
	 ܴ ൌ ቤ݊ୟ୧୰ െ ݊୥୪ୟୱୱ݊ୟ୧୰ ൅ ݊୥୪ୟୱୱቤ
ଶ
	 (3.5.1)	
	
which	for	an	air‐As2Se3	 interface	results	 in	ܴ ൌ 0.228,	and	so	about	23	
%	of	the	light	is	lost	at	the	input	and	output	of	the	fiber.	It	is	therefore	
crucial	 for	applications	 involving	chalcogenide	fibers	and	devices	to	be	
able	to	reduce	this	loss	to	a	minimum.	Traditionally,	anti‐reflection	(AR)	
coatings	has	been	 employed,	 in	which	 a	number	of	 layers	 of	 dielectric	
thin‐films	is	deposited	at	the	interfaces	to	provide	either	a	graded‐index	
profile	or	destructive	interference	in	the	backwards	direction.	However,	
deposition	of	AR	thin‐film	coatings	can	be	impractical	for	long	lengths	of	
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tion	at	normal	 incidence	 from	the	 interfaces	 is	seen	to	depend	only	on	
the	 ratio	 of	 the	 refractive	 indices,	 leading	 to	 the	 following	
criteria	[106,107]:	
	
	 nୣ୤୤ ൌ ඥnୟ୧୰nୱ୳ୠ	 (3.5.2)	
	
	 d ൌ ߣ/4 nୣ୤୤. (3.5.3)		
	 ሺnୣ୤୤ െ 1ሻ ൌ ሺnଶ െ 1ሻDC (3.5.4)		
where	DC ൌ w/Λ	is	the	duty	cycle	or	filling	ratio	of	the	structure.	If	we	
assume	the	substrate	 is	Asସ଴Se଺଴	with	nଶ ൌ 2.77	we	obtain	the	criteria	
nୣ୤୤ ൌ 1.66	from	Eq.	(3.5.2),	which	inserted	into	Eq.	(3.5.4)	results	in	DC	
=	0.38.	This	means	that	in	order	to	get	good	anti‐reflective	properties	at	
ߣ ൌ 4.4	μm,	 the	 depth	 must	 be	 d	 =	 1.83	 μm	 according	 to	 Eq.	 (3.5.3).	
These	simple	equations	gives	a	good	indication	of	which	design	parame‐
ters	 to	 use	 for	 a	 specific	 substrate	 and	 wavelength,	 however,	 solving	
Maxwell’s	equations	under	the	boundary	conditions	of	the	real	3D	struc‐
ture	 is	needed	 for	accurate	 results,	but	 this	 is	outside	 the	scope	of	 the	
work.	
	
3.5.1 EXPERIMENTAL	RESULTS	
The	setup	used	for	NIL	of	chalcogenide	fibers	 is	shown	in	Figure	3.5.2.	
The	fibers	were	fixed	to	a	v‐grooved	force	sensor	and	manually	pressed	
into	the	AR	structure	by	a	vertical	translation	stage	in	order	to	monitor	
the	applied	force.	The	AR	structure	was	placed	on	a	heater	connected	to	
a	temperature	monitor	and	controller.	The	entire	setup	was	kept	under	
fume	extraction,	and	later	an	argon	flow	was	added	to	reduce	the	possi‐
bility	of	hydrolysis	and	oxidation	of	the	glass	during	imprinting.	
Figure	3.5.3	shows	an	example	of	an	 imprint	session	 in	which	the	
temperature	and	applied	force	is	varied	over	time,	which	illustrates	the	
interaction	and	free‐parameter	space	involved	in	NIL.	First	the	fiber	was	
pressed	against	 the	structure,	and	then	the	temperature	was	gradually	
increased.	 As	 the	 glass	 become	 less	 viscous	 close	 to	 ௚ܶ	 the	 force	 was	
gradually	 relieved	 through	 the	 viscous	 flow	of	 the	 glass	 giving	way	 to	
the	structure.	The	force	could	be	increased	manually	by	translating	the	
fiber	further	to	compensate	the	flow	or	kept	 low	during	some	imprint‐
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The	44.6	%	 transmission	 outlier	 in	 Figure	 3.5.8	 for	 the	 untreated	
fiber	 is	a	 result	of	 the	 fiber	breaking	after	 the	Before	measurement,	 so	
the	reduced	transmission	was	likely	due	to	a	bad	cleave	or	similar.	The	
fact	that	the	transmission	after	re‐cleaving	was	almost	identical	to	that	
of	the	other	fiber	confirms	this.	The	result	remains	that	the	transmission	
was	increased	from	50.5	%	to	67.7	%,	with	the	maximum	transmission	
from	the	 first	experiment	at	68.5	%.	This	moderate	 increase	of	~18	%	
was	enough	to	establish	proof‐of‐principle,	and	together	with	DTU	Nan‐
otech	we	 have	 already	 devised	 several	 improvements,	 including	 auto‐
mated	 control	 and	 monitoring	 of	 the	 imprint	 parameters,	 in	 order	 to	
record	 the	 imprint	 sessions	and	obtain	experimental	 figures	 similar	 to	
Figure	 3.5.3.	 New	 structures	 has	 also	 been	 fabricated	 by	 Mikkel	 Lotz	
from	DTU	Nanotech,	and	Figure	3.5.9	show	an	example	of	the	first	test	
imprints	 using	 the	 new	 optimized	 “moth‐eye‐like”	 structures	 in	 the	
large‐core	As2Se3	 fiber,	which	 should	offer	AR	properties	over	a	broad	
bandwidth	[108].	 Our	 results	 with	 NIL	 on	 As40Se60	 fibers	 will	 be	 pre‐
sented	at	the	Micro	and	Nano	Engineering	2016	conference.	
	
	 	
Figure	3.5.9:	First	test	imprints	in	the	large‐core	As2Se3	fiber	using	new	“moth‐
eye”	structures,	optimized	to	have	a	more	smooth	and	parabolic	curvature.	
	
3.5.2 NANOIMPRINTING	AS	A	TOOL	FOR	FIBER	INSPECTION	
Another	interesting	feature	about	diffraction	gratings,	is	that	the	reflect‐
ed	 angle	 of	 diffraction	 is	 not	 only	wavelength	 dependent,	 but	 also	 de‐
pendent	 on	 the	 refractive	 index	 of	 the	 medium.	 This	 is	 expressed	
through	the	scalar	grating	equation	[39,105]:	
	
	 nୱ୳ୠ sinሺθ௠ሻ ൌ nୟ୧୰ sinሺθ୧ሻ ൅ ݉λΛ 	 (3.5.5)	
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 Chapter	
Supercontinuum	Generation	
in	Chalcogenide	Fibers 
	
“I	pass	with	relief	from	the	tossing	sea	of	Cause	and	Theory	to	
the	firm	ground	of	Result	and	Fact.”		
―	Winston	S.	Churchill,	
The	Story	of	the	Malakand	Field	Force		
	
o	 date	 the	 broadest	 mid‐IR	 SC	 reported	 in	 literature	 has	 been	
obtained	by	focusing	high	peak	power	fs	pulses	into	a	bulk	glass	
sample	to	obtain	extremely	high	intensities.	Using	this	technique	
P.	Corkum	et	al.	demonstrated	as	early	as	1985	a	continuum	from	3‐14	
μm	by	pumping	a	6	cm	Cr‐doped	GaAs	with	2.5	ps,	~600	μJ	pulses	at	9.3	
μm	from	a	CO2	laser	[109].	More	recently,	J.	Pigeon	et	al.	achieved	a	con‐
tinuum	from	2‐20	μm	in	a	67	mm	GaAs	sample	also	pumped	with	a	CO2	
laser	delivering	2	GW	peak	power	3	ps	pulses	at	9.3	μm	[110].	However,	
such	 continuum	 sources	 lack	 spatial	 coherence	 and	 require	 massive	
powerful	 laser	 systems,	 limiting	 the	practical	 applications	of	 this	 tech‐
nology.	The	need	for	tight	focusing	in	bulk	materials	limits	the	nonlinear	
interaction	length,	but	if	instead	pulses	were	launched	into	a	waveguide	
a	 relatively	high	 intensity	 can	be	maintained	over	 a	 longer	 interaction	
length,	 meaning	 that	 more	 practical	 pump	 systems	 with	 lower	 peak	
power	 may	 be	 used	[111].	 In	 particular	 optical	 fibers	 have	 the	 ad‐
vantage	 that	 they	 can	 be	 drawn	 in	 great	 length,	 have	 great	 flexibility,	
and	are	compatible	with	many	standard	optics	components.	This	Chap‐
ter	will	present	the	state‐of‐the‐art	in	mid‐IR	SCG	found	in	literature	and	
compare	 it	 to	 our	 own	 results	 based	 on	 three	 different	 pumping	
schemes.	
	
	 	
T
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4.1 INTRODUCTION		
The	 first	 experimental	 work	 with	 SCG	 in	 chalcogenide	 fibers	 can	 be	
traced	back	to	around	2005	[112].	Back	then	results	were	limited	by	the	
long	ZDW	of	As‐Se	glass,	and	hence	much	of	the	subsequent	research	in	
the	 field	 steered	 in	 the	 direction	 of	 As2S3	 fibers	 as	 a	 highly	 nonlinear	
alternative	to	silica	fibers,	with	the	potential	for	moving	further	into	the	
mid‐IR.	Focus	was	on	dispersion	engineering	and	reducing	the	ZDW	in	
order	to	pump	in	the	anomalous	dispersion	regime	using	mature	pump	
laser	technology	near	the	telecom	band.	This	was	done	by	either	micro‐
structured	design,	by	scaling	down	the	fiber	core	through	tapering,	or	by	
suspended‐core	structures.	However,	experimental	results	were	limited	
to	the	1‐5	μm	spectral	region	and	with	very	modest	output	power	[89–
91,113].	The	first	result	with	high	average	power	up	to	565	mW	span‐
ning	from	1.9‐4.8	μm	was	demonstrated	in	a	As2S3	step‐index	fiber	with	
a	 10	 μm	 core	 diameter	 by	 pumping	 in	 the	 normal	 dispersion	 regime	
with	a	Raman	shifted	silica	 fiber	 laser	[114].	This	was	also	 the	 first	re‐
sult	with	so‐called	cascaded	SCG	in	a	chalcogenide	fiber	‐	a	topic	which	
will	be	elaborated	on	in	section	4.5	–	but	despite	these	advances	results	
with	chalcogenide	fibers	were	being	dwarfed	by	the	progress	of	fluoride	
fiber‐based	SCG	sources,	 reaching	multi‐watt‐level	output	power	span‐
ning	 	up	 to	beyond	4.5	μm	[63,115–117].	Numerical	work	had	demon‐
strated	 the	 potential	 for	 very	 broadband	 mid‐IR	 SCG	 in	 chalcogenide	
fibers	 	[118–120],	 but	 nonetheless	 experiments	 had	 not	 been	 able	 to	
exploit	 the	 full	bandwidth	of	 the	 chalcogenide	glasses.	 It	was	not	until	
we	 demonstrated	 a	 record	 SC	 bandwidth	 from	 1.4‐13.3	 μm	 in	 an	
As40Se60	SIF	[37],	 then	a	record	long‐wavelength	average	output	power	
of	 7.5	 mW	 above	 5	 μm	 in	 an	 As38Se62	 suspended‐core	 fiber	[82],	 and	
lastly	 the	 first	 cascaded	 SCG	 to	 7	 μm	[121],	 that	 the	 true	 potential	 of	
chalcogenide	fiber‐based	SCG	was	made	evident.	
Since	then	there	has	been	a	rapid	development	in	the	field	of	chal‐
cogenide	SCG,	with	 researchers	pursuing	both	 longer	wavelengths	and	
higher	 average	 output	 power.	 However,	 achieving	 both	 a	 long	 wave‐
length	range	and	high	average	power	has	proved	challenging	due	to	the	
trade‐off	between	peak	and	average	power	in	most	available	pump	sys‐
tems,	 leading	 to	 two	 parallel	 tracks	 of	 development.	 One	 that	 focuses	
primarily	on	demonstrating	the	longest	possible	wavelengths	generated	
in	 a	 fiber,	 and	 one	 that	 focuses	 on	 high	 average	 power.	 The	 trade‐off	
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8	 Supercontinuum	Generation	in	Chalcogenide	Fibers
4.2 MEGAWATT‐KILOHERTZ	PUMPING	SCHEME	
(Based	on	journal	paper	[IV],	Ref.	[37])	
4.2.1 INTRODUCTION	
In	order	to	demonstrate	the	potential	for	mid‐IR	SCG	in	the	fingerprint	
region,	we	 set	up	 an	experiment	 to	pump	chalcogenide	SIFs	with	high	
peak	power	femtosecond	pulses,	being	the	best	case	scenario	in	terms	of	
nonlinearity.	The	chalcogenide	glass	SIFs	were	designed	specifically	for	
both	high	numerical	aperture	and	thermal	compatibility	of	the	core	and	
cladding	glasses.	The	SIF	was	fabricated	at	University	of	Nottingham	via	
a	 specially	 developed	 multi‐stage	 process	 of	 extrusion	 and	 preform‐
drawing,	and	had	had	a	slightly	elliptical	~16μm	diameter	As40Se60	core	
surrounded	 by	 a	 Ge10As23.4Se66.6	 cladding.	Measurements	 of	 the	 refrac‐
tive	 indices	 of	 the	 core	 and	 cladding	 glasses	 were	 performed	 by	 the	
company	Woollam	and	are	 shown	 in	Figure	4.2.1(a)	 together	with	 the	
calculated	NA.	This	was	the	first	reported	SIF	with	such	a	high	NA.	
	
	
Figure	4.2.1:	Measured	and	calculated	chalcogenide	 fiber	parameters.	a,	Meas‐
ured	 refractive	 indices	of	 the	 fiber	 core	and	 cladding	glasses	 together	with	 the	
calculated	NA.	b,	Calculated	dispersion	profiles	(solid)	of	the	core	material	(gray)	
and	 the	 four	 dominant	 guided	modes	 of	 the	 fiber:	 LP01	 (blue),	 LP11	 (green),	
LP02	 (yellow)	and	LP12	 (red)	 together	with	 the	measured	dispersion	 (asterix)	
and	calculated	group‐delay	(dashed)	of	LP01.	
	
Due	to	the	large	core	and	NA	the	fiber	was	effectively	multi‐moded,	
and	 so	 for	 this	 reason	we	modelled	 the	 dispersion	 of	 both	 the	 funda‐
mental	mode	(FM)	and	the	three	most	significant	HOMs.	The	dispersion	
of	these	modes	is	presented	in	Figure	4.2.1(b),	together	with	the	materi‐
al	dispersion	of	the	core	glass	and	the	group‐delay	curve	of	the	FM.	The	
calculated	 dispersion	was	 verified	 by	measuring	 the	 dispersion	 of	 the	
FM	from	3.0‐4.6	μm,	which	was	found	to	be	in	excellent	agreement.	Be‐
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9	4.2 ‐ Megawatt‐kilohertz	pumping	scheme	
low	 3	 μm	 the	 dispersion	 measurements	 were	 obstructed	 by	 higher‐
order	mode	beating	and	influence	of	water	vapor	absorption	~2.9	μm	in	
the	lab	atmosphere.	The	multimode	properties	were	further	investigat‐
ed	by	 sliding	window	Fourier	 transform	analysis	 of	 the	measured	dis‐
persion	data.	For	a	sufficiently	narrow	spectral	window	the	modulation	
frequency	of	the	interference	is	nearly	constant,	and	subsequent	Fourier	
transformation	 thus	 gives	 rise	 to	 sharp	 peak	 corresponding	 to	 a	 time	
delay	with	respect	to	the	reference	beam.	Any	other	modulation	of	 the	
spectrum	 due	 to	 the	 presence	 of	 a	 higher‐order	 mode	 (HOM)	 should	
therefore	result	in	a	second	peak,	and	so	by	scanning	the	window	across	
the	entire	spectrum	one	can	obtain	a	curve	of	the	delay	of	each	signifi‐
cant	mode	as	a	function	of	wavelength,	as	shown	in	Figure	4.2.2(a).	The	
figure	clearly	shows	the	presence	of	at	least	one	significant	HOM,	which	
shows	 good	 qualitative	 agreement	 with	 the	 numerical	 model	 for	 the	
LP11	 or	 LP02	modes	 shown	 in	 Figure	 4.2.3.	 By	 optimizing	 the	 launch	
conditions	 significant	 HOMs	 could	 be	 suppressed,	 as	 seen	 in	 Figure	
4.2.2(b).			
	
Figure	 4.2.2:	 Spectrograms	 generated	 from	 sliding‐window	 Fourier	 transformation	
showing	a	comparison	between	the	observation	of	(a)	two	distinct	modes	with	different	
group	delay	curves,	and	(b)	only	a	single	distinct	mode,	depending	on	launch	conditions.	
	
The	 fiber	 FM	had	 a	 calculated	 ZDW	at	 5.83	μm,	 a	 low	 anomalous	
dispersion	towards	the	longer	wavelengths	and	NA	close	to	unity,	which	
enabled	generation	of	a	broad	SC	with	strong	confinement	 to	 the	core.	
The	fiber	loss	was	measured	by	cut‐back	of	a	288	μm	core	fiber	and	us‐
ing	a	Fourier	transform	infrared	spectrometer	(FTIR).	The	result	is	pre‐
sented	in	Figure	4.2.4(a)	together	with	the	measured	absorption	of	the	
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laboratory	 air.	 The	 fiber	 geometry	 is	 shown	 in	 Figure	 4.2.4(b).	 We	
pumped	the	fiber	first	in	the	normal	dispersion	regime	at	4.5	μm,	which	
was	chosen	to	fit	within	the	emission	band	of	an	envisioned	praseodym‐
ium	(Pr3+)	doped	chalcogenide	fiber	laser	[122,123],	and	then	compared	
with	pumping	in	the	anomalous	dispersion	regime	at	6.3	μm,	which	was	
chosen	 to	 coincide	 with	 the	 atmospheric	 O‐H	 absorption	 gap,	 and	 to	
avoid	the	potential	impact	of	the	O‐H	absorption	in	the	fiber	on	spectral	
broadening.	The	idea	was,	that	due	to	strong	nonlinearity	and	high	peak	
power	 the	 light	would	 almost	 immediately	 shift	 away	 from	 the	 pump	
wavelength,	 and	 therefore	 not	 be	 affected	 by	 the	 loss	 peak	[124].	 The	
only	potential	drawback	could	be	that	increased	absorption	at	the	end‐
facet	 could	 lead	 to	 a	 lower	 damage	 threshold.	 However,	 for	 such	 high	
peak	power	and	low	average	power	damage	from	ionization	or	molecu‐
lar	 dissociation	 should	 dominate	 over	 thermal	 damage	 from	 absorp‐
tion		[36].	
	
Figure	4.2.3:	Modelled	 fiber	 group‐delay	 for	 the	 five	predominant	modes.	The	
LP01	and	LP11	modes	are	very	close	in	terms	of	group	delay,	similar	to	what	was	
observed	experimentally	in	Figure	4.2.2(a).	
	
	
Figure	 4.2.4:	 a)	 Loss	 measurements	 performed	 using	 a	 FTIR	 spectrometer,	
where	the	fiber	measurement	was	performed	using	an	intermediate	fabrication	
step	fiber	with	a	core	diameter	of	~288	μm,	and	the	atmospheric	loss	was	meas‐
ured	in	a	250	mm	compartment.	b)	SEM	image	of	the	fiber	core.	The	vertical	and	
b
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11	4.2 ‐ Megawatt‐kilohertz	pumping	scheme	
horizontal	scale	axes	of	the	core	as	shown	are	15.67	μm	and	16.48	μm,	respec‐
tively.	
4.2.2 EXPERIMENTAL	RESULTS	
The	set‐up	used	for	generating	and	measuring	the	SC	is	shown	in	Figure	
4.2.5.	 SCG	was	achieved	by	 launching	~100	 fs	pulses	with	a	 repetition	
rate	of	1	kHz	into	85	mm	of	the	chalcogenide	SIF.	The	pump	was	gener‐
ated	 from	 a	 tunable	 optical	 parametric	 amplifier	 (OPA)	 and	 non‐
collinear	difference	 frequency	generation	(NDFG)	module	with	 tunable	
central	wavelength	from	2.5‐11	μm.	The	OPA	was	pumped	by	a	mJ	pulse	
energy	Ti:Sapphire	laser	system	operating	with	~60fs	pulses	and	1	kHz	
repetition	rate.	The	pump	pulses	out	of	the	NDFG	were	measured	to	be	
~85	 fs	 full	width	 at	 half	maximum	 (FWHM),	 and	 due	 to	 the	 relatively	
large	 pump	 bandwidth,	 the	 pulses	 were	 expected	 to	 be	 broadened	 to	
~100	 fs	by	 the	material	dispersion	 from	the	 focusing	 lens.	No	spectral	
broadening	from	the	lens	was	observed.	The	85	mm	fiber	was	placed	in	
a	V‐groove	and	mounted	on	a	translation	stage.	The	v‐groove	was	only	a	
few	millimeters	shorter	than	the	fiber	to	avoid	bending	the	fiber	and	to	
ensure	maximum	coupling	efficiency	and	stability.	The	input	beam	was	
free‐space	 coupled	 by	 a	 5.95	mm	 focal	 length	 black‐diamond	 (BD)	 as‐
pheric	 lens	 with	 anti‐reflection	 (AR)	 coating	 for	 the	 2‐6	 μm	 spectral	
range,	and	the	 fiber	output	was	collimated	by	a	1.873	mm	focal	 length	
BD	lens	with	AR	coating	for	the	7‐14	μm	spectral	range.	The	collimated	
beam	was	focused	by	a	100	mm	focal	length	gold	coated	concave	mirror	
onto	 the	 entrance	 slit	 of	 a	 grating	 monochromator.	 Long‐pass	 filters	
were	 applied	 as	 order‐sorting	 filters	 to	 eliminate	 higher‐order	 effects.	
Detection	 was	 performed	 by	 a	 liquid	 nitrogen	 cooled	 HgCdTe	 (MCT)	
detector	and	boxcar	integration	system,	and	the	short‐wavelength	edge	
was	measured	using	an	InGaAs	array	spectrometer.	Proper	coupling	to	
the	 fiber	 core	 was	 verified	 by	 observing	 the	 collimated	 output	 beam	
profile	using	an	electrically	cooled	micro‐bolometer	camera.		
The	 broadest	 generated	 mid‐IR	 SC	 spectra	 are	 shown	 in	 Figure	
4.2.6(a)	 and	 Figure	 4.2.7(a).	 The	 pump	 average	 power	 was	 increased	
without	observing	fiber	damage	up	to	~350	μW	and	~760	μW	in	the	4.5	
μm	and	6.3	μm	pump	cases,	corresponding	to	a	peak	power	of	3.29	MW	
and	7.15	MW,	respectively.	Since	 the	actual	coupled	peak	power	 is	 the	
most	influential	factor	that	governs	spectral	broadening	in	fibers	it	was	
important	for	the	discussion	of	pulse	propagation	dynamics	to	estimate	
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13	4.2 ‐ Megawatt‐kilohertz	pumping	scheme	
When	pumping	with	100	fs	pulses	in	the	normal	dispersion	regime	
at	 4.5	 μm	 the	 pulses,	 as	 is	 well	 known,	 initially	 undergo	 strong	 SPM,	
possibly	 leading	 to	 wave‐breaking	 due	 to	 self‐steepening	 and	 TOD,	
which	causes	a	significant	part	of	the	light	to	be	blue‐shifted	[125,126].	
The	red‐shifting	part	will	eventually	cross	the	ZDW,	at	which	point	soli‐
ton	dynamics,	 in	particular	Raman	induced	SSFS,	will	dominate	further	
spectral	 broadening	[42,126].	 As	 expected	 we	 observed	 distinct	 SPM	
broadening	close	to	the	pump,	and	soliton	dynamics	when	crossing	the	
FM	ZDW	at	5.83	μm.	This	is	clearly	seen	from	the	asymmetric	evolution	
of	the	spectrum	in	Figure	4.2.6(b).	
	
	
Figure	4.2.6:	 Experimental	 SCG	 results	with	 the	pump	 centered	 at	 4.5	 μm.	 (a)	
The	input	pump	spectrum	(dashed)	and	spectral	profile	at	maximum	pump	pow‐
er	(solid),	which	shows	a	relatively	flat	SC	(2.08‐10.29	μm	at	‐20	dB	from	the	sig‐
nal	 peak)	 with	 distinct	 soliton	 peaks	 above	 the	 ZDW	 ~5.83μm,	 especially	 at	
11μm.	 (b)	 The	 spectral	 evolution	 with	 increasing	 pump	 peak	 power,	 which	
shows	a	gradual	red‐shift	of	distinct	soliton	peaks	above	the	ZDW,	and	a	combi‐
nation	of	SPM	and	DWs	below	the	pump	wavelength.	(c)	The	fiber	output	near‐
field	beam	profile	corresponding	to	the	spectrum	in	(a)	for	all	wavelengths	and	
(d),	beam	profile	 for	wavelengths	above	7.3	μm	only,	which	show	that	 the	 long	
wavelengths	are	still	confined	to	the	core.	
	
The	SPM	edge	was	seemingly	limited	by	the	loss	peak	at	~2.9	μm,	but	at	
high	power	we	observed	the	formation	of	a	distinct	spectral	peak	~2.2	
μm,	which	can	only	be	explained	as	a	parametric	effect	involving	HOMs,	
which	has	previously	been	demonstrated	numerically	[88].		
When	pumping	directly	in	the	anomalous	dispersion	regime	at	6.3	
μm,	 just	above	the	FM	ZDW	of	5.83	μm,	 the	pump	pulse	 is	expected	to	
transform	into	a	higher‐order	soliton	that	rapidly	breaks	up	into	multi‐
ple	fundamental	solitons	through	soliton	fission,	and	radiates	DWs	at	a	
wavelength	that	is	phase‐matched	to	the	solitons	in	the	normal	disper‐
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14	 Supercontinuum	Generation	in	Chalcogenide	Fibers
sion	 regime	[45].	 The	 red‐shifting	 solitons	 will	 ultimately	 impose	 a	
trapping‐potential	on	the	DWs	through	GV‐matching,	and	cause	them	to	
continuously	 blue‐shift	 while	 being	 GV‐matched	[47].	 However,	 this	 is	
only	provided	that	a	steady‐state	can	be	reached.	When,	for	example,	the	
dispersion	 or	 loss	 is	 locally	 changing,	 the	 trapping‐potential	 is	 per‐
turbed,	 causing	 the	 DWs	 to	 lose	 GV‐matching	 and	 no	 longer	 be	 blue‐
shifted	[47].	This	means	that	the	DWs	will	not	only	be	influenced	by	the	
loss	peak	at	~2.9	µm,	but	also	by	the	loss	peaks	experienced	by	the	soli‐
tons,	which	 represents	 an	 interesting	physical	 interaction	 that	 compli‐
cates	the	dynamics	of	the	spectral	broadening.		
	
	
Figure	4.2.7:	 Experimental	 SCG	 results	with	 the	pump	 centered	 at	 6.3	 μm.	 (a)	
The	input	pump	spectrum	(dashed)	and	spectral	profile	at	maximum	pump	pow‐
er	(solid),	which	shows	a	broad,	flat	SC	(1.64‐11.38	μm	at	‐20	dB)	followed	by	a	
strong	spectral	peak	extending	the	spectrum	all	the	way	to	13.3μm.	(b)	The	spec‐
tral	evolution	with	increasing	pump	peak	power	shows	the	gradual	red‐shift	of	a	
distinct	 spectral	 peak	 at	 the	 long‐wavelength	 edge	 and	 the	 corresponding	 for‐
mation	and	blue‐shift	of	DWs.	(c)	The	fiber	output	near‐field	beam	profile	corre‐
sponding	 to	 the	 spectrum	 in	 (a)	 for	 all	 wavelengths	 and	 (d),	 beam	 profile	 for	
wavelengths	above	7.3	μm	only,	which	show	that	the	long	wavelengths	are	still	
confined	to	the	core.	
	
Figure	4.2.7(b)	 shows	 the	 spectral	 evolution	with	 increasing	peak	
power.	In	the	experiments	we	observed	the	formation	of	distinct	DWs	at	
~3.5	μm	and	~4	μm	for	low	pump	power,	an	increasing	number	of	clear	
soliton	 peaks	 with	 increasing	 power,	 and	 the	 long‐wavelength	 edge	
formed	a	large	separate	peak,	which	indicates	a	single	high‐power	soli‐
ton.	 The	 short‐wavelength	 edge	 of	 1.4	 μm	 extended	 beyond	 the	 limit	
imposed	by	GV‐matching	of	the	long‐wavelength	edge	of	the	FM,	as	can	
be	 seen	 from	 the	group‐delay	 curve	of	 Figure	4.2.1(b),	which	 suggests	
that	it	is	the	result	of	intermodal	parametric	effects.	
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15	4.2 ‐ Megawatt‐kilohertz	pumping	scheme	
	
4.2.3 SUPERCONTINUUM	SIMULATIONS	
Pulse	propagation	and	SCG	was	modelled	using	the	GNLSE	presented	in	
Section	2.4,	which	is	a	standard	framework	used	for	this	type	of	model‐
ling	where	only	a	single	spatially	invariant	mode	and	single	polarization	
is	considered.	The	GNLSE	was	rewritten	into	an	interaction	picture	for‐
mulation	 and	 integrated	 using	 the	 4th	 order	 Runge‐Kutta	 integration	
method	with	adaptive	step‐size,	based	on	the	Local	Error	Method	algo‐
rithm	[127].	The	spectral	and	temporal	windows	were	composed	of	216	
bins	with	 the	spectral	window	spanning	 from	1‐30	µm	yielding	a	 tem‐
poral	resolution	dt=3.6	 fs	and	spectral	resolution	df=4.2042	GHz.	A	se‐
ries	 of	 peak	 powers	 were	 chosen	 in	 the	 simulations	 in	 order	 to	 best	
match	the	simulated	SC	spectra	to	the	short	and	long	wavelength	edges	
of	the	experimental	spectra.	The	linear	propagation	operator	in	the	sim‐
ulations	 was	 based	 on	 the	 calculated	 fiber	 dispersion	 using	 COMSOL	
Multiphysics	 together	with	 the	measured	 fiber	 loss.	 The	 loss	was	 only	
measured	out	 to	12.5	μm,	where	 it	was	about	25	dB/m.	 In	 the	simula‐
tions	we	artificially	extrapolated	the	loss	to	1000	dB/m	above	12.5	μm	
to	avoid	overloading	the	spectral	window.	The	nonlinear	operator	was	
given	 by	 the	 Kerr	 coefficient	 from	 slusher	 et	 al.	[65]	 and	 Raman	 gain	
from	Ung	and	Skorobogatiy	[128].	
A	 comparison	 between	 experiment	 and	 simulation	 in	 the	 4.5	 μm	
pump	 case	 is	 shown	 in	 Figure	 4.2.8.	 The	 experimentally	 observed	 dy‐
namics	 and	 qualitative	 dependence	 on	 the	 pump	 peak	 power	was	 re‐
markably	well	 reproduced	 by	modelling	 of	 the	 FM	 alone.	 This	 is	most	
likely	because	the	dynamics	were	initially	governed	by	SPM.	Even	after	
the	SPM	generated	light	crosses	the	ZDW	at	~5.83	μm,	the	simulations	
produce	 the	 same	heavily	modulated	 spectrum	consistent	with	 soliton	
dynamics.	 The	 peak	 power	 used	 in	 the	 simulations	 was	 reduced	 by	 a	
factor	of	~5	in	order	to	reproduce	the	same	features	as	seen	in	the	ex‐
periment.	 This	 factor	 was	 justified	 by	 a	 combination	 of	 measurement	
uncertainty,	a	factor	of	two	power	loss	due	to	coupling	to	the	orthogonal	
polarization,	and	further	power	loss	from	coupling	to	HOMs	[87].	
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Figure	4.2.8:	Comparison	between	experimental	(red	solid)	and	simulated	(blue	solid)	
SCG	in	the	4.5μm	pump	case	for	varying	input	peak	power,	together	with	the	ZDW	of	the	
fibre	(black	dashed).		
	
The	6.3	μm	pump	simulations	were	also	able	to	reproduce	some	of	
the	same	features	present	in	the	experimental	spectra	at	low	input	pow‐
er,	such	as	the	formation	of	DWs	in	the	normal	dispersion	regime,	as	can	
be	seen	in	Figure	4.2.9.	At	6.3	μm	our	fiber	modelling	for	the	FM	showed	
that	 the	 nonlinear	 parameter	 was	 γ=0.04	 W‐1m‐1	 ሺ݊ଶ ൌ 4.893 ൈ
10ଵ଼	mଶܹିଵሻ		[65]	 and	 the	dispersion	was	D=3.24	ps	 nm‐1km‐1,	which	
for	 a	100	 fs	pulse	with	estimated	 coupled	peak	power	of	2.29	MW	re‐
sults	in	a	soliton	number	of	N=118	and	fission	length	of	just	1.27	mm.	A	
soliton	number	larger	than	10	would	suggest	that	the	SCG	is	noisy	with	
large	shot‐to‐shot	variations	 in	 the	output	spectrum	due	 to	 incoherent	
MI	 amplification	 of	 vacuum	 noise	[42].	 However,	 this	 calculation	 ne‐
glects	 HOMs	 and	 coupling	 to	 the	 orthogonal	 polarization,	 which	 may	
effectively	reduce	the	soliton	number	in	the	FM.	 In	fact,	we	observed	a	
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relatively	 high	 degree	 of	 spectral	 stability	 of	 the	 SC.	 This	 can	 be	 seen	
from	Figure	4.2.10,	comparing	the	measured	spectra	with	1	shot	per	10	
nm	to	100	shots	averaging	per	10	nm	sampling.	Furthermore,	the	simu‐
lated	 input	 peak	 power	was	 reduced	 by	 a	 factor	 of	 ~17.5	 in	 order	 to	
obtain	qualitative	correlation	with	 the	experimental	data,	and	the	high	
factor	may	be	due	to	the	fact	that	in	our	experiment	a	large	part	of	the	
light	 is	 present	 around	 the	 pump	 wavelength,	 where	 the	 simulations	
predict	that	a	large	part	of	the	light	will	be	shifted	away.	This	discrepan‐
cy	 is	 attributed	 partly	 to	 the	 excitation	 of	 HOMs,	which	 tend	 to	 cause	
little	 broadening	 and	 thus	 increase	 the	 signal	 around	 the	 pump	 as	
demonstrated	by	Poletti	et	al.	[88].	Only	experimental	data	for	broaden‐
ing	below	12.5	μm	was	 compared	with	 simulations	because	of	 the	 im‐
posed	artificial	loss	edge.	
	
4.2.4 CONCLUSION	
These	results	were	the	 first	 to	demonstration	a	broadband	fiber‐based	
SC	 light	source	covering	both	of	 the	transparent	atmospheric	windows	
at	3‐5	μm	and	8‐13	μm	[129],	as	well	as	an	important	part	of	the	chemi‐
cal	 functional	group	and	 fingerprint	regions	 from	1.4‐13.3	μm.	The	SIF	
design	allowed	 for	high	power	handling	capabilities,	with	potential	 for	
flexible	 output	 beam	 delivery	 and	 simplified	 system	 integration,	 all	 of	
which	will	be	essential	in	realizing	efficient	mid‐IR	analytical	tools.	The	
results	represented	an	important	step	forward	in	overcoming	the	limita‐
tions	 of	 current	 mid‐IR	 light	 sources,	 paving	 the	 way	 for	 many	 later	
demonstrations,	 including	 the	 recent	 demonstration	 of	 SCG	 in	 a	
As2Se3/AsSe2	SIF	reaching	15.1	μm	using	a	similar	pumping	scheme,	but	
pumping	at	9.8	μm	[130].	However,	these	demonstrations	only	serve	as	
proof	 of	 principle,	 since	 the	 sources	 are	 impractical	 and	 the	 average	
output	power	 low	due	 to	 the	advanced	kHz	pump	system	needed.	The	
ideal	 pump	 source	 would	 be	 a	 mode‐locked	 rare‐earth‐doped	 chalco‐
genide	 fiber	 laser	 that	 could	 be	 spliced	 to	 the	 nonlinear	 fiber	 for	 im‐
proved	coupling	efficiency.	However,	such	sources	are	not	available,	so	
instead	 other	 tricks	 must	 be	 played	 in	 order	 to	 scale	 up	 the	 average	
power.	One	way	of	scaling	up	the	average	power	is	by	using	a	high	repe‐
tition	 rate	 femtosecond	OPA	 source	with	 a	 lower	 peak	 power.	 Results	
with	this	pumping	scheme	is	presented	in	the	following	section.	
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Figure	 4.2.9:	 Comparison	 between	 experimental	 and	 simulated	 SCG	 for	 the	
6.3μm	pump	case	with	varying	input	peak	power,	together	with	the	ZDW	of	the	
fiber	(black	dashed	line).	
	
	
	
Figure	4.2.10:	 Shot‐to‐shot	 stability	 analysis.	 Comparison	 between	 single‐shot	
per	10nm	spectrum	and	averaging	over	100	pulses	per	10nm	in	the	4.5μm	(left)	
and	 6.3μm	 (right)	 pump	 cases,	 which	 shows	 that	 the	 spectrum	 is	 quite	 stable	
considering	the	free‐space	coupled	nature	of	the	set‐up.	
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20	 Supercontinuum	Generation	in	Chalcogenide	Fibers
peak	power	levels,	so	the	pulse	duration	was	instead	inferred	from	the	
spectrum.	At	3.992	μm	central	wavelength	a	Gaussian	fit	of	the	spectrum	
yielded	a	 full	width	at	half	maximum	(FWHM)	of	93.7	nm,	which	 for	a	
time‐bandwidth	 limited	Gaussian	pulse	corresponds	 to	249.6	 fs,	but	at	
4.391  μm	 the	 bandwidth	was	 reduced	 to	 around	 70	 nm,	which	 corre‐
sponds	to	418.7	fs.	The	exact	shape	and	FWHM	of	the	pump	varied	with	
crystal	 tuning	and	pump	power,	 so	 it	 is	possible	 that	 it	may	be	signifi‐
cantly	 chirped.	A	 similar	 source	built	 at	Australian	National	University	
(ANU)	 was	 numerically	 estimated	 to	 yield	 around	 320	 fs	 pulses	 at	 4	
μm	[131]	and	330	fs	at	4.485 μm	[132]	when	pumped	with	a	500	fs	laser	
at	1041	nm,	but	the	bandwidth	or	time‐bandwidth	product	was	not	pro‐
vided	for	comparison.	
	
4.3.2 STEP‐INDEX	FIBER	
For	the	kW‐MHz	pump	experiment	a	longer	fiber	segment	of	25	cm	with	
a	 smaller	 core	 diameter	 of	 11	μm	was	 used	 to	 compensate	 the	 lower	
pump	peak	power.	The	 smaller	 core	 also	 resulted	 in	 a	 slightly	 shorter	
calculated	ZDW	of	5.32	μm.	The	pump	was	tuned	to	4.4	μm,	pumping	in	
the	normal	dispersion	regime	with	a	maximum	of	around	153	mW	be‐
fore	the	in‐coupling	lens.	The	result	is	plotted	in	Figure	4.3.2	in	terms	of	
power	spectral	density	(PSD)	in	μW/nm.	The	result	indicates	that	about	
two	 to	 three	 orders	 of	 magnitude	 higher	 power	 spectral	 density	 was	
achieved	 in	 the	 3‐8	μm	region,	with	 a	 total	 output	 power	 of	 28.5	mW	
(5.5	mW	>4.5	μm)	after	 collimation.	 In	 comparison	 the	0.15	mW	 from	
MW‐kHz	result	yields	a	PSD	of	around	10‐2	μW/nm	in	this	region.	From	
the	pump/output	power	and	measured	lens	transmission	of	92.3	%	we	
estimated	around	36.5	%	transmission,	which	corresponds	to	a	coupled	
peak	power	of	4.1	kW	assuming	400	fs	pulses	(6.5	kW	for	250	fs	pulses).	
At	 4.4	 μm	 ܣୣ୤୤ ൌ 28.81	μmଶ	 resulting	 in	 ߛ ൌ 0.27	Wିଵmିଵ,	 and	 hence	
the	nonlinear	length	ܮே௅ ൌ 0.91	mm	is	still	very	short.	
Besides	 heavy	 coupling/Fresnel	 losses,	 evident	 from	 the	 low	
transmitted	 output	 power,	 the	 primary	 limitation	 was	 again	 the	 long	
ZDW	compared	to	the	pump	wavelength,	which	resulted	in	a	significant	
amount	of	the	pump	beam	exhibiting	only	moderate	broadening	due	to	
SPM.	This	is	also	seen	from	the	spectral	evolution	in	the	bottom	window	
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23	4.3 ‐ Kilowatt‐Megahertz	pumping	scheme	
special	 care	 was	 taken	 to	 orient	 the	 fiber	 to	 account	 for	 the	 birefrin‐
gence.	
	
	
Figure	4.3.4:	(a)	Measured	fiber	loss	of	a	6‐hole	‘wagon‐wheel’	fiber	with	a	core	
diameter	of	a	20	µm	(black	solid)	from	which	the	estimated	fiber	loss	of	the	SCF	
with	a	core	diameter	of	4.5	µm	was	calculated	(red	dashed).	Inset:	SEM	image	of	
the	4.5	m	SCF	and	a	zoom‐in	on	the	core	indication	the	fast	and	slow	polarization	
axis.	(b)	Measured	(red)	and	calculated	dispersion	for	the	slow	(black)	and	fast	
(blue)	axis.	(Source:	[82]).	
	
The	SC	experiments	were	carried	out	at	ANU	by	Ph.D.	student	Yi	Yu	
using	an	OPG	setup	similar	to	the	one	at	DTU	described	in	section	4.3.1,	
with	 the	main	difference	being	 that	 the	ANU	mid‐IR	pump	had	a	pulse	
duration	of	320	 fs,	and	 the	beam	was	chopped	before	 in‐coupling.	The	
pump	was	coupled	to	an	18	cm	fiber	segment	using	an	NA	=	0.85	BD‐2	
lens.	The	output	was	collimated	using	a	similar	lens	when	evaluating	the	
insertion	loss,	and	a	reflective	objective	lens	when	measuring	the	spec‐
trum.	 Spectral	 acquisition	 was	 performed	 using	 a	 monochromator	
equipped	with	a	PbSe	and	MCT	detector	connected	to	a	lock‐in	amplifier	
for	 the	 1.5‐4.0	 µm	 and	 4.0‐8.5	 µm	 ranges,	 respectively.	 Order	 sorting	
filters	were	used	to	prevent	measurement	of	higher	order	diffraction.	At	
wavelengths	>4.0	μm	 the	data	was	 corrected	 for	 the	MCT	detector	 re‐
sponsivity,	which	was	provided	by	the	manufacturer.	The	total	insertion	
loss	 of	 the	 fiber	 plus	 the	 coupling	 lenses	was	measured	 to	 be	 7.5	 dB.	
Pulse	 propagation	 and	 SCG	 was	 simulated	 using	 the	 same	 method	 as	
described	in	section	4.2.3.	
Figure	 4.3.5	 shows	 a	 comparison	 between	 experimental	 and	 nu‐
merical	 results	when	 tuning	 the	pump	wavelength	 from	3.5	µm	 to	 4.7	
µm.	 The	 solitonic	 long	 wavelength	 edge	 was	 gradually	 red‐shifted	 to	
longer	wavelengths	in	the	simulated	spectra,	and	accordingly	the	short	
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wave‐length	 edge	 was	 blue‐shifted,	 consistent	 with	 group‐velocity	
matched	dispersive	waves.	However,	 the	same	clear	 trend	was	not	ob‐
served	 in	 the	 experiments.	 In	 the	 experiments	 the	 spectrum	 was	 in‐
creasingly	broadened	when	the	pump	was	shifted	between	3.5	µm	and	
3.9	µm,	but	for	longer	pump	wavelengths	the	broadening	was	halted	as	
the	pump	was	tuned	further	up	to	4.7	µm.		
	
	
Figure	 4.3.5:	 Comparison	 between	 simulations	 (black)	 and	 experiments	 (red)	 at	 six	
different	pump	wavelengths	(vertical	dotted	line).	The	ZDW	is	indicated	as	the	vertical	
solid	line.	(Source:	[82]).	
	
The	 absence	 of	 a	 long	 wavelength	 extension	 when	 pumping	 at	 wave‐
lengths	 longer	than	3.9	µm	was	 initially	attributed	to	 inconsistent	cou‐
pling	 in	 the	 experiment,	 resulting	 in	 variable	 excitation	 of	 HOMs,	 but	
another	 possible	 explanation	 could	 be	 that	 the	 small	 core	 diameter	
could	 impose	 a	 fundamental	 limitation	 to	 the	 guiding	 properties	 >7.5	
µm.	 As	 explained	 by	 Chemnitz	 and	 Schmidt,	 when	 the	 wavelength	 of	
light	becomes	increasingly	larger	than	the	core	diameter	the	mode	may	
develop	a	double‐lobe	pattern	that	extends	beyond	the	geometrical	core	
into	 the	 air	 cladding	[135].	 The	 cladding	 field	 contribution	 becomes	
greater	with	wavelength,	 and	so	 the	 long‐wavelength	part	of	 the	 spec‐
trum	experiences	a	reduced	optical	nonlinearity	and	increased	loss.	
Nevertheless	 the	 broadest	 experimental	 SC	 spectrum	 spanning	
from	1.7	to	7.5	µm	was	obtained	when	pumping	at	4.4	µm,	and	the	aver‐
age	output	power	was	15.6	mW	with	a	BD‐2	lens	at	the	fiber	output	and	
the	chopper	turned	off.	Based	on	the	measured	spectrum	and	total	aver‐
age	output	power,	the	average	power	>	5.0	µm	was	estimated	to	be	4.7	
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Figure	4.4.3:	Calculated	dispersion	for	the	GeAsSe	PCF	with	various	core	diame‐
ters.	 The	 dispersion	 was	 calculated	 based	 on	 Sellmeier	 coefficients	 from	
Ge10As23.4Se66.6	glass.	
	
4.4.2 SUPERCONTINUUM	EXPERIMENTS	
To	 test	 the	effect	of	 reducing	 the	ZDW	through	 tapering	we	 compared	
the	results	with	pumping	at	4.02 μm	and	4.38	μm	with	207	mW	and	146	
mW	pump	power,	respectively.	The	results,	shown	in	Figure	4.4.4,	show	
a	strong	increase	in	spectral	broadening	on	the	short	wavelength	side	in	
both	 cases,	 but	 no	 apparent	 long‐wavelength	 broadening.	 The	 long‐
wavelength	conversion	efficiency	was	evaluated	by	measuring	the	pow‐
er	after	a	4.5	μm	long‐pass	filter.	Using	the	4.02	μm	pump	only	12.4	mW	
of	the	total	42.0	mW	extended	above	4.5	μm	(29.5	%),	compared	to	14.3	
mW	out	of	32.5	mW	(44	%).	
	
31	4.4	‐ Supercontinuum	generation	in	tapered	fibers	
	
Figure	 4.4.4:	 Comparison	 between	 pumping	 the	 tapered	 PCF	 at	 4.02	 μm	 and	
4.38	 μm.	 Pump	 spectra	 are	 shown	 for	 reference.	 The	 oscillations	 in	 the	 short‐
wavelength	end	of	 the	spectra	 is	due	 to	applying	wavelength	calibration	 to	 the	
FTIR	spectrometer.	
	
However,	 while	 the	 long‐wavelength	 power	 and	 efficiency	 was	 im‐
proved	 compared	 to	 the	 initial	 10.5	mW	 and	 21	%	 for	 the	 untapered	
fiber,	 the	 long‐wavelength	 edge	 was	 not	 extended.	 One	 explanation	
could	be	that	because	of	the	long	untapered	part	before	the	taper	transi‐
tion	(10‐15	cm),	the	spectrum	will	already	have	broadened	fully	before	
the	 taper	 waist,	 and	 so	 a	 lot	 of	 pump	 light	 will	 still	 exhibit	 moderate	
broadening	in	the	normal	dispersion	regime.	To	test	this	we	cut	back	the	
fiber	on	the	input	end	to	4	cm	before	the	taper	transition	and	repeated	
the	experiment.	Figure	4.4.5	show	the	clear	result	of	the	cut	back,	result‐
ing	in	extension	of	the	spectrum	up	to	8.6	μm	and	39.5	mW	output	pow‐
er	when	pumping	at	4.4	μm.	When	pumping	at	4.0	μm	a	higher	output	
power	 of	 54.8	mW	 could	 be	 achieved,	 but	 at	 the	 cost	 of	 reducing	 the	
long‐wavelength	edge	to	8	μm.	For	the	two	pump	cases	the	power	after	
the	 long‐pass	 filter	was	21.5	mW	and	18.7	mW	for	 the	4.0 μm	and	4.4	
μm	pump	cases	resulting	in	an	efficiency	of	39	%	and	47	%,	respectively.	
This	 is	a	significant	 improvement	compared	 to	 the	 initial	21	%	for	 the	
untapered	fiber.	Note	that	Figure	4.4.5	and	the	remaining	figures	of	this	
section	was	measured	with	 a	monochromator	 and	MCT	detection	 sys‐
tem,	which	had	better	sensitivity	in	the	short‐wavelength	range.	
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Figure	4.4.5:	Results	of	taper	cut‐back	when	pumping	at	4	μm	and	4.4	μm	meas‐
ured	using	a	monochromator	and	MCT	detector.	In	the	4	μm	pump	case	a	total	of	
54.8	mW	was	obtained	(21.5mW	>4.5	μm),	and	39.5	mW	(18.7mW	>4.5	μm)	in	
the	4.4	μm	pump	case.	
	
In	 an	 attempt	 to	 benefit	 even	 further	 from	 the	 increased	 power	
when	 pumping	 at	 4	μm,	we	 decided	 to	 try	 another	 taper	with	 both	 a	
smaller	initial	core	diameter	of	around	11.5	μm	and	smaller	waist	diam‐
eter	of	around	6	μm,	which	should	shift	down	the	ZDW	to	around	3.6	μm	
according	to	in	Figure	4.4.3.	The	fiber	was	cleaved	5	cm	from	the	input	
taper	transition,	and	was	 in	total	around	30.8	cm	long.	The	fiber	had	a	
measured	average	hole	diameter	of	4.42	μm,	and	pitch	of	7.66	μm,	 re‐
sulting	 in	 a	 d/Λ ൌ 0.446.	 This	 configuration	 resulted	 in	 extending	 the	
spectrum	from	8	μm	to	almost	9	μm	with	similar	output	power	levels	of	
maximum	44.5	mW	and	21	mW	above	 4.5	μm	observed.	Figure	4.4.6	
show	the	spectral	evolution	of	an	experiment	that	resulted	in	41.5	mW	
output	power	and	19.3	mW	above	4.5 μm.	 It	 is	evident	 from	 the	spec‐
trum	that	the	~10‐13	mW	reduced	total	output	power	compared	to	the	
larger	core	taper	was	mainly	taken	from	the	peak	at	3‐4	μm,	but	the	fact	
that	the	absolute	power	above	4.5 μm	was	not	improved	suggest	that	it	
may	be	beneficial	 to	maintain	a	 larger	 initial	core	diameter	to	 improve	
coupling	efficiency.	
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Figure	4.4.7:	Comparison	 between	 the	 normalized	 output	 spectrum	 of	 the	 ta‐
pered	11.5	μm	GeAsSe	fiber	when	pumping	with	the	MW‐kHz	and	kW‐MHz	con‐
figuration.	The	result	show	that	 the	 fiber	can	 indeed	transmit	 to	11	μm	if	suffi‐
cient	peak	power	can	be	supplied.	
	
4.5 CASCADED	SUPERCONTINUUM	GENERATION	
4.5.1 INTRODUCTION	
Cascaded	SCG	describes	the	technique	of	generating	a	SC	 in	a	consecu‐
tive	cascade	of	different	fibers	in	order	to	benefit	from	their	respective	
properties	at	each	stage	in	the	continuum	generation	process.	The	moti‐
vation	 for	 this	 scheme	 is	 avoid	 costly	 and	 impractical	 mid‐IR	 pump	
sources,	and	eliminate	the	use	of	free‐space	optics	to	obtain	a	practical	
and	robust	all‐fiber	configuration.	As	mentioned	 in	 the	 introduction	 to	
the	chapter,	new	mid‐IR	glasses	are	needed	to	extend	the	spectrum	be‐
yond	the	silica	transmission	limit	of	2.5	μm.	Currently,	the	most	mature	
mid‐IR	 fiber	 SC	 technology	 is	 based	 on	 fluoride	 glasses,	 such	 as	 ZrF4‐
BaF2‐LaF3‐AlF3‐NaF	(ZBLAN),	owing	to	their	high‐power	capabilities	and	
excellent	 transmission	 from	 the	 UV	 to	 about	 4.5	 µm	[59,138].	 Due	 to	
these	unique	properties	commercial	ZBLAN	SC	sources	are	now	emerg‐
ing	[139–141],	and	in	this	regard	cascaded	SCG	has	been	one	of	the	key	
enabling	technologies	for	efficient	SCG,	because	it	has	enabled	the	use	of	
matured	technologies	such	as	semiconductor	 laser	diodes,	silica	 fibers,	
and	 fiber	 amplifiers	[63,139,141].	 However,	 the	 use	 of	 ZBLAN	 fibers	
limits	 the	 spectrum	 to	 around	 4.5	 µm	 due	 to	 strong	multiphonon	 ab‐
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sorption	in	the	host	material	[59],	and	thus	further	broadening	requires	
mid‐IR	 transparent	 glasses,	 such	 as	 chalcogenides.	 Extending	 the	 cas‐
cading	scheme	to	chalcogenide	fibers	presents	an	attractive	alternative	
to	 direct	 pumping	 schemes	with	 the	 potential	 for	 all‐fiber	 integration	
enabled	by	advances	in	fusion	splice	technology	[142–144].		
	
4.5.2 CASCADED	2	µM	LASER	PUMP	SCHEME	
(Based	on	journal	paper	[V],	ref.		[119])	
	
The	ZBLAN‐chalcogenide	cascading	scheme	was	first	studied	numerical‐
ly	 back	 in	 2014,	 which	 demonstrated	 the	 possibility	 of	 generating	 a	
spectrum	from	0.9‐9.0	μm	by	pumping	a	5	μm	diameter	As2Se3	SCF	with	
a	 ZBLAN	 SC	 generated	 from	 a	 thulium‐doped	 fiber	 laser,	 as	 shown	 in	
Figure	4.5.1	[119].	 In	this	scheme	a	commercially	feasible	mode‐locked	
thulium‐doped	fiber	laser	emitting	3.5	ps	Gaussian	pulses	with	a	30	MHz	
repetition	rate	at	2	µm	central	wavelength	with	a	maximum	peak	power	
of	20	kW	was	simulated	as	the	pump	source.	The	modelled	ZBLAN	fiber	
was	 based	 on	 the	 material	 dispersion	 from	 Gan	[100]	 and	 measured	
fiber	loss	provided	by	FiberLabs	Inc.,	Japan.	The	SIF	had	a	core	diameter	
of	5.7	µm	and	NA	of	0.30,	which	yielded	a	very	low,	anomalous	disper‐
sion	of	 the	FM	with	a	ZDW	of	1.59	µm.	The	dispersion	and	 loss	of	 the	
fiber	is	shown	in	Figure	4.5.2.	When	pumping	the	fiber	far	from	the	ZDW	
with	low	anomalous	dispersion	the	generated	solitons	rapidly	shifted	to	
longer	 wavelengths	 due	 to	 enhanced	 SSFS,	 resulting	 in	 very	 efficient	
mid‐IR	SC	[94],	as	seen	in	Figure	4.5.3.	
	
	
Figure	4.5.1:	Pumping	scheme	for	cascaded	SCG	based	on	a	Tm	fiber	laser,	ZBLAN	fiber,	
and	AsSe	SCF.	Coupling	losses	used	in	the	simulations	are	indicated	at	the	input	interfac‐
es,	 and	 the	 output	 spectra	 from	 the	 three	 stages	 in	 the	 cascade	 are	 shown	 in	 the	 top.		
Figure	from		[119].	
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broadening	in	the	AsSe	fiber.	A	total	of	around	300	mW	average	power	
was	generated	 in	 this	 region,	 and	especially	 the	high	peak	power	 soli‐
tons	above	the	3.5	µm	ZDW	of	the	AsSe	fiber	seen	in	Figure	4.5.3(c)	are	
expected	 to	 have	 significant	 impact	 on	 extending	 the	 long‐wavelength	
edge.	
	
	
Figure	4.5.3:	Single‐shot	simulation	results	for	the	cascaded	2	µm	pump	scheme.	(a,b)	
Spectrogram	for	the	ZBLAN	and	AsSe	fiber	SCG,	respectively,	with	the	output	spectrum	
shown	in	the	bottom.	(c,d)	Temporal	characteristics	of	the	3.5‐4.5	µm	and	3.5‐9	µm	part	
of	 the	ZBLAN	ans	AsSe	 spectra,	 respectively.	 (e,f)	 Evolution	ZBLAN	and	AsSe	SC	 long‐
wavelength	edge	and	power	in	the	3‐5	µm	and	6‐9	µm	windows,	respectively.		
	
The	 spectrogram	 for	 the	 AsSe	 fiber	 in	 Figure	 4.5.3(b)	 show	 very	
complex	 broadening	 dynamics,	 with	 the	 temporal	 trace	 in	 Figure	
4.5.3(d)	 revealing	 that	 the	 ZBLAN	 solitons	 have	 broken	 up	 to	 a	 large	
amount	of	sub	pulses	from	soliton	fission.	Near	the	ZDW	there	are	signs	
of	symmetric	broadening	 from	GV‐matched	solitons	and	DWs,	but	oth‐
erwise	it	is	hard	to	clearly	see	the	dynamics	due	to	the	density	of	pulses.	
The	long‐wavelength	edge	extended	all	the	way	to	9	µm	(‐30	dB	level),	
and	 when	 comparing	 the	 spectrogram	 to	 the	 dashed	 ߚଵܮ	 line	 for	 the	
AsSe	fiber	it	is	apparent	that	the	spectrum	developed	very	rapidly.	This	
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is	also	confirmed	from	the	plot	of	the	long‐wavelength	edge	and	power	
in	Figure	4.5.3(f),	which	shows	 that	within	a	 few	millimeters	 the	spec‐
trum	was	broadened	to	7	µm.	In	conclusion,	the	2.2	W	pump	power	at	2	
µm	was	 first	 converted	 to	300	mW	from	3‐4.5	µm	 in	 the	ZBLAN	 fiber,	
which	resulted	 in	around	39	mW	from	3.5‐9	µm	generated	 in	the	AsSe	
fiber.	These	simulations	was	considered	a	mere	proof‐of‐concept	since	
they	did	not	 take	 the	damage	 threshold	of	 the	AsSe	 fiber	 into	account,	
and	 omitted	 HOMs	 and	 the	 coupling	 of	 power	 to	 both	 polarization	
states,	 which	 strongly	 limits	 the	 spectral	 broadening	 	[111].	 Further‐
more,	while	Tm‐doped	fiber	lasers	are	commercially	available,	they	are	
still	relatively	expensive.	If	a	pump	source	in	the	telecom	band	was	used	
instead	the	source	as	a	whole	would	be	much	cheaper.	The	use	of	inex‐
pensive	 components	 will	 dramatically	 improve	 the	 commercial	 pro‐
spects	of	 such	a	 system,	but	pumping	 the	ZBLAN	 fiber	directly	at	1.55	
µm	below	 the	 ZDW	 is	 not	 suitable.	 Silica	 fibers	 on	 the	 other	 hand	 are	
well	 suited	 to	be	pumped	at	1.55	µm,	generating	efficient	SC	up	 to	be‐
yond	2	µm.	The	following	section	describes	our	work	with	cascaded	SCG	
starting	from	a	1.55	µm	seed.	
	
4.5.3 CASCADED	1.55	µM	TM‐AMPLIFIED	LASER	PUMP	SCHEME	
(Based	on	journal	paper	[II],	ref.	[121])	
	
In	general,	efficient	SCG	towards	longer	wavelengths	requires	pumping	
in	the	anomalous	dispersion	regime	near	the	 fiber	ZDW,	where	soliton	
dynamics	is	dominating		[42,94].	Standard	silica	SIF	exhibits	anomalous	
dispersion	 from	 around	 1.3	 μm	 all	 the	 way	 to	 the	 silica	 multiphonon	
absorption	edge	near	2.5	μm.	Consequently,	pumping	a	step‐index	silica	
fiber	with	 a	 laser	 diode	 or	 erbium‐doped	 silica	 fiber	 laser	 at	 1.55	 μm,	
inherently	results	in	a	SC	where	the	long‐wavelength	edge	is	composed	
of	 solitons.	Such	a	continuum	has	been	 found	 to	be	an	excellent	pump	
source	for	continued	broadening	in	ZBLAN	fibers	through	SSFS,	because	
it	 extends	 above	 the	 ZDW	 of	 typical	 ZBLAN	 SIFs,	which	 is	 around	 1.6	
μm	[59].	 Using	 this	 scheme	 efficient	 SCG	 in	 ZBLAN	 fibers	 has	 been	
demonstrated	 using	 various	 combinations	 of	 seed	 lasers	 and	 optical	
amplifiers		[63,115,139,141].	Unlike	silica	the	dispersion	of	ZBLAN	SIFs	
is	 less	 well	 known	 due	 to	 the	 more	 complex	 composition	 of	 heavy‐
metals,	and	in	fact	these	fibers	may	have	a	second	ZDW	before	the	mul‐
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tiphonon	 absorption	 edge,	 as	 was	 demonstrated	 in	 Section	 3.3.1	 (see	
Figure	 3.3.3).	 The	 presence	 of	 a	 second	 ZDW	 completely	 changes	 the	
spectral‐temporal	 dynamics	 of	 the	 long‐wavelength	 part	 of	 the	 spec‐
trum.	As	solitons	shift	towards	the	second	ZDW	the	SSFS	is	halted	due	to	
an	 increasing	 transfer	 of	 energy	 to	 DWs	 that	 are	 phase‐matched	 to	 a	
resonant	wavelength	 in	 the	normal	dispersion	regime	across	 the	ZDW.	
To	 conserve	 both	 energy	 and	 momentum	 the	 soliton	 frequency	 must	
shift	in	the	opposite	direction	of	the	DW,	thus	counteracting	the	SSFS	–	
an	effect	referred	to	as	spectral	recoil		[94,146–148]. 
The	average	power	of	such	a	long‐wavelength	spectrum	consisting	
of	DWs	can	be	equivalent	or	even	higher	than	one	consisting	exclusively	
of	 solitons	[148],	which	 raises	 the	 fundamental	question	whether	both	
spectra	could	be	used	for	continued	broadening	in	a	chalcogenide	fiber.	
This	was	still	an	open	question	at	the	time	these	results	were	published,	
since	 there	 had	 been	 no	 experimental	 results	 with	 coupling	 DWs,	 or	
cascading	 a	 ZBLAN	 SC	 into	 a	 chalcogenide	 fiber.	 Gattass	 et	 al.	 experi‐
mentally	demonstrated	SCG	from	1.9‐4.8	μm	by	launching	a	2.4‐2.5	μm	
silica	 continuum	 into	 two	meters	of	As2S3	 step‐index	 fiber	with	10	μm	
core	diameter	 	[114].	 In	 their	 experiment	 the	 spectral	broadening	was	
limited	by	a	strong	absorption	peak	at	4	μm	and	the	reduced	efficiency	
of	normal	dispersion	pumping	in	a	large‐core	chalcogenide	fiber.	
The	experimental	setup	for	cascaded	SCG	is	shown	in	Figure	4.5.4.	
The	seed	was	based	on	a	1.55	μm	semiconductor	laser	diode	delivering	
3	ns	pulses	at	40	kHz	repetition	rate,	which	generated	around	400	mW	
SC	from	1.5‐2.2	μm	in	standard	silica	single‐mode	fiber.	The	continuum	
was	then	amplified	to	1.25	W	in	a	10	μm	core	diameter	Tm‐doped	silica	
fiber	pumped	at	790	nm,	resulting	 in	depletion	of	 the	wavelengths	be‐
low	1.8	μm	and	extension	of	 the	 long‐wavelength	edge	 to	2.7	μm.	The	
addition	 of	 a	 Tm‐doped	 fiber	 amplifier	 compared	 to	 an	 erbium‐doped	
fiber	 amplifier	 was	 made	 to	 extend	 the	 long‐wavelength	 edge	 in	 the	
ZBLAN	 fiber	 by	 boosting	 the	 long‐wavelength	 solitons	[63,141].	 The	
amplified	 spectrum	was	 then	 coupled	 to	 one	 of	 the	 two	 tested	 ZBLAN	
fibers	and	then	further	 into	a	chalcogenide	fiber	by	BD‐2	aspheric	 lens	
telescopes.	Coupling	to	the	small	chalcogenide	fiber	core	was	confirmed	
with	the	aid	of	a	PbSe	camera,	and	the	resulting	spectrum	was	measured	
using	 an	 FTIR	 spectrometer.	 Measurements	 of	 the	 intermediate	 silica	
and	 fluoride	 spectra	 were	 performed	 using	 a	 grating‐based	 scanning	
spectrometer.	
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50	 Supercontinuum	Generation	in	Chalcogenide	Fibers
	
Figure	4.5.14:	Comparison	between	the	ZBLAN‐PCF	output	spectrum	in	the	ta‐
pered	 (red)	 and	 untapered	 (blue)	 PCFs.	 In	 the	 tapered	PCF	 spectrum	 the	 total	
average	power	was	reduced	to	9	mW,	but	the	power	>4.5	µm	was	3.34	mW,	al‐
most	the	same	as	in	the	untapered	case.	
	
In	conclusion,	by	demonstrating	cascaded	SCG	we	presented	an	al‐
ternative	 route	 to	 chalcogenide	 fiber‐based	mid‐IR	 SC	 sources	 using	 a	
double‐cascading	configuration.	By	starting	from	a	cheap	1.55	µm	laser	
generating	 an	 SC	 in	 standard	 silica	 fiber,	 amplifying,	 and	 coupling	 this	
into	a	fluoride	fiber	with	carefully	designed	dispersion,	and	then	finally	
coupling	this	into	a	chalcogenide	fiber	with	a	suitable	low	ZDW,	a	SC	can	
be	generated	up	to	7	μm	with	several	mW	of	average	power.	Provided	
that	 a	 compact,	 all‐fiber	 configuration	 can	 be	 realized,	 the	 cascaded	
pump	scheme	could	prove	commercially	viable.	Optimization	of	the	seed	
parameters,	lengths	of	fiber,	and	an	optimized	chalcogenide	fiber	should	
improve	these	results.		
 
4.6 SUMMARY	AND	CONCLUSION	
In	the	introduction	to	the	chapter	it	was	made	clear	that	there	is	a	lot	of	
research	devoted	to	mid‐IR	SCG,	and	results	presented	in	this	chapter	is	
well	 represented	 in	 all	 three	 pump	 configurations,	 as	 seen	 in	 Figure	
4.1.1.	 	 However,	 there	 is	 little	 focus	 on	 practical	 applications	 and	
demonstrations.	Many	papers	focus	only	on	the	spectral	bandwidth,	and	
therefore	 fail	 to	provide	e.g.	 the	average	output	power,	which	makes	it	
difficult	to	compare	different	results.	Figure	4.6.1	show	some	PSD	plots	
of	 results	 presented	 in	 this	 chapter,	 which	 makes	 it	 easy	 to	 compare	
different	results	in	terms	of	effective	bandwidth.	For	example,	although	
the	MW‐kHz	 result	 obtained	 the	 broadest	 bandwidth,	 the	 kHz‐MW	re‐
sult	with	the	tapered	PCF	achieved	better	PSD	from	2‐9	μm.	In	fact,	re‐
	
51	4.6	‐		
sults	 with	 kW‐MHz	 pumping	 seem	most	 promising	 in	 terms	 of	 band‐
width	and	average	output	power	for	realizing	mid‐IR	spectroscopic	and	
imaging	 applications.	 However,	 realizing	 a	 compact,	 all‐fiber	 system	
using	cascaded	SCG	would	help	in	bridging	the	gap	between	technology	
and	user,	bringing	the	mid‐IR	SC	sources	to	the	application,	rather	than	
having	to	bring	the	applications	into	the	SC	labs.	
	
	
Figure	4.6.1:	Comparison	between	 the	PSD	of	various	results	presented	 in	 the	
chapter.	
	
	
	
	
	
		
	
	
	
	
	
	

	
	
5	
	
 Chapter	
Applications	in	Spectroscopy	
and	Imaging	
	
“I	suppose	it	is	tempting,	if	the	only	tool	you	have	is	a	ham‐
mer,	to	treat	everything	as	if	it	were	a	nail.”		
―	Abraham	H.	Maslow,	Toward	a	Psychology	of	Being		
	
ne	 of	 the	 early	 predictions	 regarding	 SCG,	 was	 that	 it	 would	
prove	useful	in	a	wide	range	of	application,	such	as	telecommu‐
nications,	 metrology,	 spectroscopy,	 and	 imaging	[42,109].	 To	
date	there	has	been	many	proof‐of‐concept	demonstrations	of	visible	to	
near‐IR	 SC	 driven	mainly	 by	 applications	 in	 biophotonics	 and	 life	 sci‐
ences.	Especially	 in	 the	 field	of	biological	 imaging	SC	sources	has	been	
employed	extensively	in	such	diverse	modalities	as	OCT		[26,27],	photo‐
thermal	microscopy	[150],	fluorescence	microscopy	[25],	and	multipho‐
ton	microscopy		[151].	The	latter	demonstrated	an	impressive	combina‐
tion	of	two‐	and	three‐photon	auto‐fluorescence,	second‐harmonic	gen‐
eration,	 THG,	Raman	 scattering,	 and	 coherent	 anti‐Stokes	Raman	 scat‐
tering	 for	 stain‐free	histopathology	of	 tumorous	 tissues	–	 all	 using	 the	
same	SC	 source.	Needless	 to	 say	 visible/near‐IR	 SC	 sources	have	been	
widely	accepted	as	the	state	of	the	art	technology	in	many	such	applica‐
tions,	 and	 some	 would	 even	 deem	 it	 a	 commercial	 success.	 However,	
when	it	comes	to	the	mid‐IR	spectral	region,	SC	sources	are	lagging	be‐
hind	 other	 technologies	 in	 application‐based	 demonstrations,	 such	 as	
QCLs	and	tunable	lasers.	The	goal	of	this	chapter	is	to	identify	potential	
applications	 of	 mid‐IR	 SC	 sources	 based	 on	 the	 strengths	 and	 draw‐
backs	 of	 the	 technology,	 and	 to	 provide	 proof‐of‐concept	 demonstra‐
tions.	
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7	5.1 ‐ Introduction	
mal	 emitters	 from	 a	 ZBLAN	 fiber‐based	 SC	 source,	 but	 also	 noticed	 spectral	
variations	 with	 polarization	[9].	 Nevertheless	 absorption	 spectroscopy	 has	
been	 demonstrated	[9,154–156],	 although	 the	 applications	 are	 usually	
simple	demonstrations	on	standard	samples,	such	polystyrene	or	simi‐
lar.	 Much	 more	 advanced	 applications	 has	 been	 demonstrated	 using	
QCLs,	such	as	monitoring	dynamic	changes	of	protein	secondary	struc‐
ture	in	aqueous	solutions	[7],	and	large	scale	infrared	imaging	of	tissue	
micro	arrays	[21].	Similar	applications	should	be	demonstrated	in	order	
to	establish	SC	sources	as	a	promising	technology	for	mid‐IR.	Potential	
applications	 should	 carefully	 consider	 the	 advantages	 of	 SCG.	 To	 this	
end	 some	 of	 the	 advantages	 and	 disadvantages	 of	 SC	 sources,	 as	 per‐
ceived	by	the	author,	is	presented	in	Table	3:	
	
Feature Advantage Disadvantage	
Broad	spec‐
trum	
Potential	for	fast,	real‐time	ap‐
plications	through	spectrum‐
time	transformation	[158],	or	
by	using	array	spectrometers.	
Low	local	PSD.	Pow‐
er	may	be	wasted	in	
parts	of	the	spectrum	
where	it	is	not	need‐
ed.	
Fiber	based	
(light	is	born	
in	the	fiber)	
High	compatibility	with	fiber	
sensing,	such	as	fiber	evanes‐
cent	wave	spectroscopy		
	[18,48,52,157–159],	fiber	imag‐
ing	bundles	[160],	or	fiber	tip	
microspectroscopy		[49].		
Power	is	lost	when	
coupling	light	in	and	
out	of	the	fiber.	
Nonlinear	
technique	
Potential	for	nonlinear	applica‐
tions,	such	as.	photoacoustic	
spectroscopy	[23,161],	or	pho‐
tothermal	microscopy	[150].	
Relatively	high	noise.	
Polarization	scram‐
bling.	
Diffraction‐
limited,		
spatially	and	
spectrally	
coherent	
Compatible	with	fibers,	may	be	
focused	to	small	sample	areas	
for	localized	probing,	and	can	be	
used	in	interferometry.	
Unsuitable	for	wide‐
field	imaging.	Coher‐
ence	effects,	such	as	
interference	may	
affect	imaging	per‐
formance.	
Table	3:	Advantages	and	disadvantages	of	various	features	of	SC	sources.	
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5.2 SKIN	CANCER	SCREENING	
Continuing	on	the	topic	of	skin,	I	have	been	very	much	involved	with	the	
European	research	project	MINERVA	(MId‐	 to	NEaR	 infrared	spectros‐
copy	for	improVed	medical	diAgnostics),	a	project	which	as	explained	in	
conference	paper	[ii]	is	working	towards	realizing	the	so‐called	“optical	
biopsy”	 for	 fast	 and	 non‐invasive	 diagnosis	 of	 early‐stage	 skin	
cancer	[53].	The	project	envision	the	use	of	mid‐IR	SC	in	order	to	cover	
the	broad	range	of	target	wavelengths	identified	as	relevant	in	the	con‐
text	of	skin	cancer	(see	Figure	5.2.1).	
	
Wavelength ሺૄܕሻ 
	
Wavenumber ሺ܋ܕି૚ሻ	
Figure	5.2.1:	Identified	wavenumber	targets	for	the	MINERVA	project	(red),	and	
a	reference	skin	spectrum	(Source:	MINERVA	project	newsletter	#3).		
 
The	original	idea	was	to	use	the	mid‐IR	SC	source	for	wide‐field	hyper‐
spectral	 imaging	 in	 combination	 with	 high‐resolution	 IR	 cameras	 –	 a	
technique	 that	 has	 already	 been	 employed	 successfully	 in	 MINERVA	
using	a	Globar	light	source	in	combination	with	FTIR	for	investigation	of	
individual	cellular	and	histopathological	features	in	colon	tissue	[162].	A	
prototype	 wide‐field	 hyperspectral‐imaging	 system	 employing	 a	
ZBLAN‐based	SC	source	from	NKT	Photonics	with	a	5	μm	spatial	resolu‐
tion	was		also	successfully	demonstrated	[163],	but	as	described	later	by	
Lindsay	et	al.	in	[24]	the	brightness	advantage	of	SC	sources	over	tradi‐
tional	thermal	sources	stems	from	their	nearly	diffraction	limited	beam	
capabilities.	 In	 wide‐field	 imaging	 the	 beam	 is	 expanded	 to	 cover	 the	
entire	sample	and	detector	area	in	order	to	obtain	a	high	spatial	resolu‐
tion,	but	in	the	process	the	brightness	advantage	is	diminished,	reducing	
the	comparison	to	one	of	purely	total	PSD.	Figure	5.2.2	show	a	compari‐
son	of	 the	PSD	of	various	mid‐IR	 light	source	configurations	calculated	
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by	 Ian	Lindsay	as	part	of	 the	MINERVA.	 In	 the	diffraction‐limited	case,	
depending	on	the	wavelength	range,	SC	sources	have	around	5‐7	orders	
of	magnitude	higher	PSD	compared	 to	 thermal	 sources,	 and	about	1‐3	
orders	of	magnitude	higher	than	synchrotrons.	However,	if	the	thermal	
emitter	 is	 imaged	by	 a	 15ൈ	 reflective	objective	 it	 can	 out‐perform	 the	
synchrotron	 in	 terms	of	PSD,	and	 is	either	on	par	or	maximum	1‐2	or‐
ders	 of	 magnitude	 below	 the	 SC	 sources.	 This	 demonstrates	 that	 the	
advantage	of	SC	sources	is	utilized	best	in	diffraction‐limited	modalities.	
	
	
Figure	5.2.2:	Comparison	of	the	PSD	of	different	broadband	mid‐IR	sources.	The	
figure	 illustrates	 that	 the	real	advantage	of	SCG	 is	 the	diffraction‐limited	beam.	
(Provided	by	courtesy	of	I.	Lindsay	through	the	project	MINERVA).	
	
For	this	reason	the	focus	was	changed	towards	a	scanning	solution,	
which	 reduces	 both	 the	 PSD	 requirements	 and	 the	 complexity	 on	 the	
detection	 side.	 The	 concept	 was	 demonstrated	 with	 a	 ZBLAN	 fiber‐
based	SC	source	by	Dupont	et	al.	[164]	in	which	a	spatial	resolution	of	5	
μm	was	 achieved	by	 focusing	 the	 collimated	beam	onto	 a	 sample,	 and	
then	 raster‐scanning	 the	 sample	 in	 x,y	 via	 a	 translation	 stage.	 A	more	
practical	system	that	avoids	the	use	of	free‐space	optics	near	the	sample	
is	 illustrated	 in	Figure	5.2.3.	Since	 the	SC	 is	born	 in	 the	 fiber,	 it	 is	con‐
venient	 to	use	a	mid‐IR	 fiber	 for	delivery	and	 collection	of	 light	 at	 the	
sample,	which	would	also	make	it	easier	to	use	in	a	clinical	environment.	
This	approach	thus	takes	advantage	of	the	strengths	of	SCG,	namely	the	
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high	brightness	in	a	diffraction‐limited	beam,	and	the	compatibility	with	
optical	fiber	circuits.			
As	 project	 partner	 in	 MINERVA	 we	 were	 supplied	 with	 artificial	
skin	phantoms	for	testing	in	combination	with	our	SC	source.		The	phan‐
toms	 were	 fabricated	 by	 the	 group	 of	 Dr.	 Juergen	 Schnekenburger	 at	
University	of	Münster.	Figure	5.2.4(a)	shows	a	picture	of	the	skin	phan‐
tom,	which	was	a	500	μm	 thickness	EpidermFT	skin	model,	 having	an	
irregular,	layered,	and	thus	scattering	structure	very	similar	to	real	skin.	
Figure	 5.2.4(b)	 shows	 an	 image	 of	 the	 observed	 speckle	 pattern	 from	
transmitting	 the	 SC	 light	 through	 the	 sample	 at	 the	 low‐absorption	
wavelength	 of	 5	 μm,	 selected	 using	 a	monochromator.	 Figure	 5.2.4(c)	
shows	 a	 test	 spectrum	 measured	 using	 the	 SC	 from	 an	 untapered	
GeAsSe	PCF	(having	the	highest	average	power	at	the	time	of	the	exper‐
iment),	with	the	sample	placed	at	the	entrance	slit	of	the	monochroma‐
tor,	and	detected	with	an	MCT	detector.	The	spectrum	shows	the	same	
qualitative	features	of	Figure	5.2.1,	although	it	is	expected	to	be	signifi‐
cantly	 improved	using	the	higher	average	power	available	from	the	ta‐
pered	PCFs,	and	with	the	sample	placed	closer	to	the	detector	to	avoid	
excess	scattering	loss.		
 
	
Figure	5.2.3:	Concept	schematic	for	the	optical	biopsy.	Note	that	here	mid‐infrared	
spectrometer	simply	means	a	wavelength	selection	device,	and	so	only	one	is	needed	
and	preferably	on	the	detector	side	(From	conference	paper	[ii]).  
	
The	 fact	 that	 we	 were	 able	 to	 penetrate	 500	 μm	 of	 skin	 demon‐
strates	 that	 we	 can	 expect	 to	 detect	 diffuse	 reflection	 and	 scattering	
from	a	depth	of	at	least	250	μm,	and	since	skin	cancer	develops	from	the	
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using	 various	 post‐processing	 techniques	 if	 required	[1].	 In	 the	 ATR	
experiments	fouling	was	observed	from	the	presence	of	amide	I	(1,645–
1,670	cm−1),	amide	II	(1,500–1,550	cm−1),	and	the	trace	of	fat	in	the	car‐
bonyl	region	(1,720–1,760	cm−1).	Hausmann	et	al.	reported	that	fouling	
in	polytetrafluorethylene	whey	membranes	gave	rise	to	peaks	mainly	in	
the	2800‐3000	cm‐1	carbohydrate	region	(C‐H	stretching),	 in	the	1500‐
1700	 cm‐1	 nitrogen	 region	 (N‐H	 bending),	 and	 an	 ester	 peak	 around	
1730	cm‐1	(C=O)	[166].	
	
	
Figure	5.3.2:	Mean	absorbance	spectra	of	the	clean	and	fouled	membranes	(col‐
ored	curves).	For	reference	the	clean	membrane	spectrum	is	shown	with	an	air	
background,	scaled	for	visibility	(dashed	line).	
	
From	our	spectra	we	observed	clear	peaks	around	the	amide	I	and	
II	 bands	of	proteins	 and	peptides	 at	1650	 cm‐1	 and	1540	 cm‐1,	 respec‐
tively	[1].	The	band	around	3100	cm‐1	could	possibly	be	 the	 first	over‐
tone	of	the	amide	II,	and	the	features	at	3300	cm‐1	may	be	due	to	the	N‐H	
stretching	of	amines	[1].	The	C‐H	stretching	region	from	2850‐3000	cm‐1	
corresponds	 to	 the	 acyl	 chain	 of	 fatty	 acids,	 but	 no	 C=O	 peak	 around	
1750	cm‐1	was	observed,	which	suggest	that	it	is	not	from	fat	but	instead	
from	 other	 fouling	 organics	[1,166].	 The	 features	 between	 1800‐2100	
cm‐1	are	difficult	to	explain,	since	there	should	be	no	vibrational	modes	
in	the	region	from	1800‐2800	cm‐1,	but	since	it	is	fairly	close	to	the	zero	
baseline	it	is	assumed	to	be	some	artefact	of	the	measurement.		
	
15	5.3 ‐ Ultrafiltration	Membranes	
In	 order	 to	 evaluate	whether	 the	 six	membrane	 sheets	 displayed	
significant	 variations	 over	 the	 entire	 measured	 spectrum,	 a	 so‐called	
principle	 component	 analysis	 (PCA)	 was	 performed.	 Briefly,	 based	 on	
the	measured	data	the	PCA	constructs	a	number	of	mutually	orthogonal	
basis	 vectors	 (principle	 components,	 PC),	 that	 each	 account	 for	 some	
percentage	of	 the	spectral	variation.	From	these	principle	components,	
the	 individual	data	sets	can	be	assigned	a	different	weight	(loading)	to	
each	PC.	If	two	data	sets	are	significantly	different,	they	should	therefore	
be	 separated	 in	 the	 vector	 space	 spanned	 by	 the	 PC	 basis	 set.	 Figure	
5.3.3	show	the	result	of	PCA	on	the	raw	data	sets	after	mean‐centering,	
which	 resulted	 in	87.52	%	of	 the	variability	 explained	 from	 three	PCs.	
The	figure	shows	a	relatively	good	separation	between	the	membranes,	
although	with	some	overlap.	In	conclusion	we	presented	the	first	mid‐IR	
transmission	 absorption	 spectra	 for	 clean	 and	 fouled	 PES	 UF	 mem‐
branes,	 and	 made	 plausible	 the	 possibility	 of	 separating	 individual	
sheets	based	on	PCA	analysis	of	the	raw	data,	which	for	now	is	sufficient	
for	a	proof‐of‐principle	demonstration.	
	
Figure	5.3.3:	Principle	component	analysis	of	raw	UF	membrane	data.	The	PCs	
1‐3	account	of	87.52	%	of	 the	spectral	variability,	 and	 the	 loadings	show	a	 fair	
separation	 between	 the	 sheets,	 although	with	 some	 overlap.	 (Calculations	 per‐
formed	by	Tine	Ringsted).	
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ready	 been	 demonstrated	 in	 aqueous	 solutions	[7].	 Possible	 ways	 of	
optimizing	 the	 experiment	 includes	 keeping	 the	 milk	 and	 water	
thermostatic,	 to	 avoid	 changes	 in	 absorption	 features	 due	 to	 the	
temperature,	and	adding	a	bandpass	filter	for	the	target	region	to	avoid	
saturation	of	 the	detector	outside	 the	absorption	 region.	One	practical	
optimization	 would	 be	 to	 employ	 a	 dual‐beam	 configuration	 for	
simultaneous	 reference	 measurements,	 which	 should	 improve	 the	
signal‐to‐noise	ratio	greatly,	while	avoiding	any	errors	in	the	reference	
measurement	due	milk	remnants	in	the	cell.	
	 	
	
20	 Applications	in	Spectroscopy	and	Imaging
	
	
	
5	
	
 Chapter	
Conclusion	and	Outlook 
	
	
	
‐	"I	may	not	have	gone	where	I	intended	to	go,	but	I	think	I	have	
ended	up	where	I	needed	to	be."		
‐	Douglas	Adams,	The	Long	Dark	Tea‐Time	of	the	Soul	
	
	
	
	set	out	in	this	PhD	Project	“Light	and	Food”	with	the	goal	of	devel‐
oping	a	mid‐IR	SC	 source	which	could	be	used	 in	various	practical	
applications,	 for	 example	 within	 the	 food	 industry.	 The	 task	 was	
initially	to	build	upon	the	mid‐IR	platform	from	NKT	Photonics	based	on	
ZBLAN	fibers,	and	during	this	endeavor	we	discovered	the	presence	of	a	
2nd	 ZDW	 in	 the	ZBLAN	 fibers	used	by	NKT	Photonics,	which	 therefore	
rendered	 them	unsuitable	 for	 cascaded	SCG.	We	proceeded	 to	demon‐
strate	experimentally	the	difference	in	the	efficiency	of	the	cascaded	SCG	
scheme	 if	 a	different	 fiber	with	a	more	 suitable	dispersion	profile	was	
chosen.	This	was	the	first	ever	demonstration	of	cascaded	SCG	reaching	
beyond	5	μm	in	chalcogenide	fibers.	In	demonstrating	this	we	have	laid	
the	 foundation	 for	 developing	 an	 all‐fiber	 chalcogenide	 mid‐IR	 SC	
source,	which	could	be	transported	to	other	research	labs	for	testing	in	
various	applications,	thus	making	the	technology	more	available,	visible,	
and	the	context	of	commercialization	more	viable.		
In	 the	 project	 we	 have	 benefitted	 tremendously	 from	 our	 strong	
collaboration	 with	 various	 national	 and	 international	 universities	 and	
companies.	Our	collaboration	with	Nottingham	University	resulted	in	a	
record	 SC	 bandwidth	 obtained	 using	 their	 high	 quality	 chalcogenide	
fibers	‐	a	result	which	was	published	in	Nature	Photonics.	From	collabo‐
ration	with	 Heriot‐Watt	 University	we	 also	 got	 our	 hands	 on	 ULI	 GLS	
waveguides,	which	is	an	exciting	technology	with	many	potential	appli‐
I
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cations	 within	mid‐IR	 devices,	 and	 our	 joint	 efforts	 also	 resulted	 in	 a	
journal	publication.	In	collaboration	with	Australian	National	University	
we	 also	 demonstrated	 the,	 at	 that	 time,	 highest	 average	 output	 power	
above	5	μm	from	a	chalcogenide	fiber.	Since	then	there	have	been	sever‐
al	 demonstrations	 of	 higher	 average	 power	 from	ANU,	 and	 in	 that	 re‐
spect	the	results	in	this	work	on	SCG	in	tapered	fibers	is	placed	among	
the	state	of	the	art	in	terms	of	long‐wavelength	average	power.	
The	nanoimprint	 idea	 started	 out	 as	 a	 small	 side	 project	 of	mine,	
which	eventually	ended	up	as	a	complete	Ph.D.	project	for	Mikkel	Lotz	at	
DTU	Nanotech.	 I	 built	 the	 setup	 from	 scratch,	 and	 learned	 a	 lot	 in	 the	
process	 about	 material	 science	 and	 thermo‐electrical	 systems.	 In	 the	
end	it	resulted	in	a	 lot	of	beautiful	pictures,	and	more	importantly	 in	a	
proof‐of‐concept	 experiment	 demonstrating	 the	 anti‐reflective	 proper‐
ties	of	the	imprinted	structures	in	chalcogenide	fibers.	
Another	goal	of	the	project	was	to	identify	and	demonstrate	poten‐
tial	applications	for	mid‐IR	SC	sources,	which	proved	to	be	a	major	chal‐
lenge.	We	performed	proof‐of‐concept	demonstrations	of	 spectroscopy	
on	 skin,	milk,	 and	milk	 filtration	membranes,	which	 showed	 some	po‐
tential,	 but	 the	 real	 golden	 application	was	not	 found.	One	 application	
that	we	are	confident	will	be	a	success	for	mid‐IR	SC	sources	is	OCT	for	
non‐destructive	testing,	but	such	an	advanced	application	requires	sig‐
nificant	work	and	instrumentation,	which	was	outside	the	scope	of	 the	
project.	This	OCT	application	is	the	subject	of	another	Innovation	Fund	
Denmark	 project	 called	 “ShapeOCT”,	 in	 which	 I	 will	 take	 part	 as	 a	
post.doc.	upon	completion	of	this	work.	
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  Appendix	
State	of	the	Art	in	mid‐IR	
Supercontinuum 	
	
	
Appendix	A	includes	the	details	of	the	state	of	the	art	SC	results	plotted	
in	 Figure	 4.1.1.	 The	 long‐wavelength	 edge	 (ߣୣୢ୥ୣ),	 30	 dB	 bandwidth	
(BWଷ଴ୢ୆)	were	evaluated	from	published	figures.	In	the	cases	where	the	
total	 output	 power	 (P୲୭୲)	 was	 not	 supplied,	 it	 was	 ither	 calculated	 or	
estimated	from	other	reported	values.	
	
	
Nonlinear	fiber	 ࣅ܍܌܏܍
(μm)	
۰܅૜૙܌۰
(μm)	
۾ܜܗܜ
(mW)	
ࣅ࢖
(μm)
Pump	
type	
Ref.	
15	μm	SIF	As2Se3/AsSe2		 15.10 13.10 <0.3b 9.8 MW	 	[130]	
16	μm	SIF	As2Se3/	
Ge10As23.4Se66.6		
13.30 11.90 0.15 6.3 MW	 	[37]	
7	μm	SIF	GeSbSe/GeAsSe		 11.79 8.79 9.0c 4.6 kW	 	[167]	
23	μm	SIF	(Ge15Sb25Se60/	
Ge15Sb20Se65)	
11.36 9.02 <0.1b 6.0 MW	 	[168]	
6	μm	SIF	Ge15Sb15Se70/	
Ge20Se80		
11.08 8.77 17 4.5 kW	 	[132]	
27	μm	SIF	As2Se3/As2S5		 10.00 7.00 0.65 7.0 MW	 	[169]	
4.1/4.6	μm	SIF	
Ge12As24Se64/Ge10As24S66		
9.91 8.26 1.26 4.0 kW	 	[67]	
4/4.4	μm	RWG	
Ge11.5As24Se64.5/	
Ge11.5As24S64.5		
9.24 6.97 20.0 4.2 kW	 	[154]	
11.6→6	μm	tapered	PCF	
Ge10As22Se68	
8.68 6.83 41.5 4.0 kW	 This	
work	
18	μm	As2Se3	SIF	 8.03 5.03 1.50 3.0‐
4.2
Casc.	 	[170]	
4	μm	RWG	
Ge11.5As24Se64.5	
/Ge11.5As24S64.5		
8.00 6.42 20.0 4.0 kW	 	[131]	
12.4→7.2	μm	tapered	
PCF	Ge10As22Se68		
7.91 5.87 54.8 4.0 kW	 This	
work	
12.4→7.2	μm	tapered	
PCF	Ge10As22Se68		
7.63 5.38 9.0 3.5‐
4.4
Casc.	 This	
work	
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4.5	μm	As38Se62	SCF	 7.60 5.90 15.6 4.4 kW	 	[82]	
12.4	μm	Ge10As22Se68	PCF	 7.49 4.49 49.5 4.3 kW	 This	
work	
100	μm	SIF	As2S3		 7.00 1.50 0.3b 3.9 MW	 	[171]	
4.5	μm	As38Se62	SCF	 6.94 4.14a 6.5 3.5‐
4.4
Casc.	 	[121]	
12.4	Ge10As22Se68	PCF	 6.86 3.76 54.5 3.5‐
4.4
Casc.	 	[149]	
9	μm	As2S3	SIF	 6.40 4.81 8.0 3.1 kW	 	[172]	
9	μm	As2S3	SIF	 5.00 2.20 550 3.8 kW	 	[173]	
11.5	μm	As38Se62	PCF	 4.95 1.85 20 3‐4.2 Casc.	 	[174]	
10	μm	SIF	As2S3	 4.80 2.90 565 2.4‐
2.5
Casc.	 	[114]	
Table	4:	 State	 of	 the	 art	 in	mid‐IR	 SCG	 in	 chalcogenide	 fibers	 sorted	 by	 long‐
wavelength	 edge	 (ߣedge).	 BWଷ଴ୢ୆:	 30	 dB	 bandwidth,	 ௧ܲ௢௧:	 Total	 average	 output	power,	 ߣ௣:	Pump	wavelength,	RWG:	Rib	waveguide,	 SCF:	 suspended‐core	 fiber,	
SIF:	step‐index	fiber,	WG:	waveguide.	a:	Limited	by	detector	b:	Estimated.	‐30	dB	
edge.	c:	Data	from	personal	correspondence	with	the	author	Yi	Yu.	
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